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(5)  Introduction 

All-trans  retinoic  acid  (RA)  is  known  to  inhibit  growth  of  estrogen  receptor  (ER)-positive 
human  breast  carcinoma  (HBC)  cells  (10,  11,  13).  The  action  of  RA  is  mediated  by  its 
intracellular  receptor  known  as  retinoic  acid  receptors  (RARs)  that  belong  to  the  steroid/thyroid 
hormone  receptor  superfamily  (9).  These  receptors  are  DNA-binding  proteins  and  their  activities 
are  regulated  by  hormones.  It  is  known  that  17|3-estradiol  (E2)  can  promote  the  growth  of  ER- 
positive  HBC  cells,  while  4-hydroxytamoxifen  (HTM)  acts  as  an  antiestrogen,  which  may 
potentiate  RA-induced  growth  arrest  of  HBC  cells  (1,  2,  6,  7,  12).  The  use  of  RA  or  its  synthetic 
analogs  as  therapeutic  agents  in  treating  breast  cancer  is  promising.  However,  how  RA  inhibits 
the  growth  of  HBC  cells,  and  how  it  interacts  with  E2  is  currently  unclear.  We  are  interested  in 
understanding  the  mechanisms  of  inhibition  of  RA  on  HBC  cells  and  the  cross-talk  between  RA 
and  E2.  Recently,  several  nuclear  receptor  associated  proteins  have  been  reported  (4,  8).  These 
proteins  function  as  cofactors  that  help  the  receptors  to  activate  or  to  repress  gene  expression. 

The  nuclear  receptor  corepressor  SMRT  (silencing  mediator  for  retinoid  and  thyroid  hormone 
action)  functions  as  a  transcriptional  corepressor  that  promotes  the  repressor  activity  of 
unliganded  RAR  (3,  5).  Since  RAR  plays  an  important  role  in  the  regulation  of  HBC  cell 
proliferation,  we  hypothesized  that  regulation  of  RARa  activity  by  corepressor  may  be  important 
in  controlling  breast  cancer  cell  growth  and  proliferation.  We  proposed  a  model  to  explain  the 
cross-talk  between  RA  and  E2  (Figure  1).  In  this  project,  we  investigated  the  role  of  the 
corepressor  in  breast  cancer  through  characterizing  receptor  interaction  and  transcriptional 
repression  by  SMRT  and  analyzing  its  expression  in  breast  cancer  cells. 

(6)  Body 

Objective  1.  To  analyze  expression  and  regulation  of  SMRT  in  breast  cancer  cells 
Task  1 :  Collecting  breast  cancer  cell  lines  and  isolation  of  total  cellular  RNA. 

We  have  obtained  and  established  several  breast  cancer  cell  lines  in  the  laboratory. 

These  include  several  ER-positive  cells  (T-47D,  MCF-7M,  MDA-MB-361,  BT474  and  MDA- 
MB-134)  and  ER-negative  cells  (MDA-MB-231,  MDA-MB-330,  BT  20,  Hs0578T,  MDA-MB- 
453).  The  normal  breast  epithelial  cell  line  HBL100  is  also  established.  These  cell  lines  are 
maintained  in  Dulbecco's  modified  Eagle's  medium  (DMEM)  and  stocks  are  kept  in  liquid 
nitrogen.  Total  RNAs  were  isolated  from  these  cells.  Aliquots  of  these  RNAs  are  stored  in  a 
-70°C  freezer. 

Task  2:  Northern  blot  analysis  of  the  expression  levels  of  SMRT  in  different  breast  cancer  cells. 

We  conducted  Northern  blot  analysis  for  the  expression  of  SMRT  in  breast  cancer  cells. 
The  SMRT  probe  was  generated  by  random  priming  reaction.  Northern  blot  analysis  showed 
that  SMRT  expressed  as  a  9  kb  band  at  relatively  low  level  in  breast  cancer  cells.  No  obvious 
difference  in  the  expression  levels  of  SMRT  in  different  cancer  cell  line  was  observed.  We  also 
measured  the  protein  level  of  SMRT  by  Western  blotting  using  an  anti-SMRT  polyclonal 
antibody.  We  detected  the  expression  of  SMRT  in  all  breast  cancer  cells  tested.  Interestingly, 
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we  found  that  the  level  of  SMRT  in  HBL100  cells  is  relatively  lower  than  in  cancer  cells  (Figure 
2).  Furthermore,  we  found  that  the  size  of  the  major  SMRT  protein  is  270-kDa,  which  is  close  to 
the  size  of  N-CoR  and  is  much  larger  than  the  expected  SMRT  protein.  Western  blot  confirmed 
that  the  SMRT  antibody  did  not  cross-react  with  N-CoR  (Figure  4). 

Task  3:  Treatment  of  breast  cancer  cells  with  hormones,  isolation  of  RNA  after  treatment,  and 
Northern  blot  analysis  of  the  expression  levels  of  SMRT. 

We  tested  the  expression  of  SMRT  in  HBC  cells  by  Northern  and  Western  blot  and  found 
that  SMRT  expression  did  not  change  significantly  after  hormone  treatment.  These  results 
suggest  that  SMRT  expression  is  not  hormone-dependent.  It  is  possible  that  protein-protein 
interaction  between  SMRT  and  nuclear  receptors  may  play  a  role  in  the  cross-talk  between 
retinoic  acid  and  estrogen. 

Task  4:  Isolation  of  SMRT  genomic  clones  and  identification  of  potential  hormone  response 
elements. 

Because  the  effect  of  hormone  on  the  expression  level  of  SMRT  was  not  obvious,  the 
isolation  of  SMRT  genomic  clone  and  regulation  of  SMRT  gene  expression  by  hormone  were 
not  pursued  further. 


Objectives  2:  To  investigate  the  involvement  of  nuclear  receptor  corepressors  in  the  cross-talks 
between  retinoids  and  steroid  hormones. 

Task  5:  Evaluating  the  protein-protein  interaction  between  nuclear  receptor  corepressors  SMRT 
and  steroid  hormone  receptors  ER,  PR,  GR  and  AR  in  vitro. 

Using  Far-Western  assay,  we  detected  an  interaction  between  ER  and  SMRT  (Figure  3). 
Interestingly,  such  association  was  enhanced  slightly  by  E2  treatment  (Figure  3).  We  tested  the 
effect  of  anti-estrogen  Tamoxifen  on  the  interaction  and  found  that  Tamoxifen  also  slightly 
enhanced  the  interaction  between  SMRT  and  ER  similar  to  the  effect  of  E2.  However,  because 
SMRT  also  interacts  with  many  other  nuclear  receptors  including  RXRa  in  a  manner  that  is 
much  weaker  then  its  interaction  with  RARa  or  TRp,  we  speculated  that  the  interaction  with 
ERa  might  not  be  physiologically  significant.  This  speculation  was  supported  by  the  fact  that 
overexpression  of  SMRT  did  not  have  an  obvious  effect  on  the  ligand-dependent  transcriptional 
activity  of  ERa  (our  unpublished  data). 

We  then  further  characterized  the  protein-protein  interaction  between  SMRT  and  RARa 
and  TRP  and  details  of  these  studies  have  been  reported  in  Molecular  Endocrinology  (11:  2025- 
2037,  see  Appendices  1).  Briefly,  we  found  that  SMRT  interacted  with  RARa  and  TRP  very 
strongly  in  vitro  and  in  vivo.  Such  interactions  are  sensitive  to  hormone  treatment,  presumably 
due  to  conformational  change  of  the  receptor  upon  ligand  binding. 

Task  6:  Investigating  the  effects  of  hormone  and  anti-hormone  binding  on  the  protein-protein 
interaction  between  steroid  hormone  receptors  and  corepressors  SMRT. 
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Except  for  the  weak  interaction  between  SMRT  and  ERa,  we  observed  no  interaction 
between  SMRT  and  other  steroid  hormone  receptors  in  the  presence  or  absence  of  hormone  or 
anti-hormone. 

Task  7:  Analyzing  the  protein  complex  of  receptors  and  corepressors  in  breast  cancer  cells. 

Because  SMRT  did  not  appear  to  interact  stably  with  ER,  we  decided  not  to  analyze  the 
protein  complex  of  ER  and  the  corepressors  in  breast  cancer  cells.  Instead,  we  have  pursued  the 
cloning  of  the  270-kDa  form  of  SMRT  (Figure  4). 

(7)  Key  Research  Accomplishments: 

•  Breast  cancer  cells  express  SMRT  (the  silencing  mediator  for  retinoid  and  thyroid  hormone 
action)  at  higher  levels  than  normal  breast  epithelial  cells. 

•  Two  regions  of  thyroid  receptor  (3  (TRp)  and  retinoic  acid  receptor  a  (RARa)  are  essential 
for  interaction  with  SMRT. 

•  Two  SMRT  interaction  domains  for  RARa  and  TR(3  were  defined. 

•  Multiple  transcriptional  repression  domains  in  SMRT  were  identified. 

•  An  extended  form  of  SMRT  termed  SMRTe  was  identified.  SMRTe  is  the  major  form  of 
SMRT  present  in  normal  and  cancerous  breast  epithelial  cells. 

(8)  Reportable  outcomes: 

•  One  article  was  published  in  “Molecular  Endocrinology”  (see  Appendices  1) 

•  One  review  paper  was  published  in  “Critical  Rev.  in  Eukaryotic  Gene  Exp.”  (see  Appendices 

2) 

•  One  book  chapter  is  in-press  in  “Vitamins  and  Hormones”  (see  Appendices  3). 

•  A  funding  was  applied  to  NIH  based  on  work  supported  by  this  award. 

(9)  Conclusion: 

In  summary,  we  have  analyzed  the  expression  of  SMRT  in  breast  cancer  cells.  We  found 
that  breast  cancer  cells  express  higher  level  of  SMRT  than  normal  breast  epithelial  cells.  We 
have  also  characterized  the  receptor  interacting  surfaces  on  SMRT  and  RARa  and  TRa. 
Furthermore,  we  have  characterized  the  transcriptional  repression  function  of  SMRT  and  found 
that  SMRT  contains  multiple  repressor  domains,  which  interaction  with  other  corepressor 
proteins.  Most  interestingly,  we  identified  an  extended  form  of  SMRT  (SMRTe)  which  appears 
to  be  the  major  product  of  the  SMRT  gene. 

Because  SMRT  does  not  seem  to  interact  with  ER  or  other  steroid  hormone  receptor 
prominently,  it  is  likely  that  the  effect  of  SMRT  on  the  cross-talk  between  RA  and  E2  is  due  to 
modulation  of  RARa  activity  by  SMRT.  Furthermore,  the  identification  of  SMRTe  suggests  that 
it  may  be  more  important  to  study  SMRTe  in  breast  cancer.  Therefore,  future  studies  should 
focus  on  understanding  the  role  of  SMRTe  in  the  cross-talk  between  RA  and  E2  in  breast  cancer 
cells. 
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(11)  Appendices 


Figure  1 .  Model  of  SMRT  action  in  breast  cancer. 
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Figure  2.  SMRT  expression  in  breast  cancer  cells.  Total  cell  extracts  were  separated  on  a  SDS- 
PAGE,  blotted  onto  a  nitrocellulose  filter  and  hybridized  with  an  affinity  purified  anti-SMRT 
antibody  on  total  cell  extract.  The  apparent  molecular  weight  of  the  SMRT  signal  is  270-kDa 
(also  see  Figure  4). 


SMRT 


Figure  3.  SMRT  interacts  with  ER.  We  blotted  the  purified  GST-C-SMRT  on  nitrocellulose 
filters  and  hybridized  with  35S-methionine  labeled  nuclear  receptors  in  the  absence  or  presence 
of  hormones.  We  used  all-trans  RA  for  RAR,  9-cis  RA  for  RXR,  T3  for  TR  and  1 7 (3-estradiol 
for  ER  at  1  pM  concentration).  The  last  lane  shows  the  GST-SMRT  fusion  protein  on  the  gel 
after  staining  by  commassie  blue.  These  results  indicate  that  SMRT  are  not  only  capable  of 
interacting  with  unliganded  RAR  and  TR,  but  also  capable  of  interacting  with  ER. 
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Figure  4.  Identification  of  an  extended  form  of  SMRT.  HeLa  nuclear  extract,  together  with  in 
vitro-translated  35S-methionine  labeled  N-CoR  and  C-SMRT,  were  separated  on  a  SDS-PAGE. 
The  N-CoR  and  C-SMRT  polypeptides  were  detected  by  autoradiography  (left).  An  identical  gel 
was  processed  for  Western  blotting  using  an  affinity  purified  rabbit  anti-C-SMRT  polyclonal 
antibody  and  detected  by  BCIP/NBT  color  reaction  (center).  One  major  polypeptide  similar  to 
the  size  of  N-CoR  (270-kDa)  was  detected  in  the  HeLa  nuclear  extract,  in  addition  to  two  minor 
bands  of  180  and  80-kDa,  respectively  (arrows).  The  anti-SMRT  antibody  does  not  cross-react 
with  N-CoR.  The  same  HeLa  nuclear  extract  was  also  processed  for  Western  blotting  using  anti- 
C-SMRT  antibody  but  developed  by  ECL+  reaction  (right).  The  three  specific  SMRT 
polypeptides  and  two  non-specific  bands  (open  arrowheads)  below  80-kDa  were  indicated. 
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Interaction  and  Transcriptional 
Repression  by  the  Corepressor 
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SMRT  (silencing  mediator  of  retinoic  acid  and  thy¬ 
roid  hormone  receptor)  and  N-CoR  (nuclear  recep¬ 
tor  compressor)  are  two  related  transcriptional 
corepressors  that  contain  separable  domains  ca¬ 
pable  of  interacting  with  unliganded  nuclear  recep¬ 
tors  and  repressing  basal  transcription.  To  deci¬ 
pher  the  mechanisms  of  receptor  interaction  and 
transcriptional  repression  by  SMRT/N-CoR,  we 
have  characterized  protein-protein  Interacting  sur¬ 
faces  between  SMRT  and  nuclear  receptors  and 
defined  transcriptional  repression  domains  of  both 
SMRT  and  N-CoR.  Deletional  analysis  reveals  two 
individual  nuclear  receptor  domains  necessary  for 
stable  association  with  SMRT  and  a  C-terminal 
helix  essential  for  corepressor  dissociation.  Coor- 
dinatety,  two  SMRT  domains  are  found  to  interact 
Independently  with  the  receptors.  Functional  anal¬ 
ysis  reveals  that  SMRT  contains  two  distinct  re¬ 
pression  domains,  and  the  corresponding  regions 
in  N-CoR  also  repress  basal  transcription.  Both 
repression  domains  in  SMRT  and  N-CoR  Interact 
weakly  with  mSin3A,  which  In  turn  associates  with 
a  histone  deacetylase  HDAC1  in  a  mammalian  two- 
hybrid  assay.  Far-Western  analysis  demonstrates 
a  direct  protein-protein  Interaction  between  two 
N-CoR  repression  domains  with  mSinSA.  Finally 
we  demonstrate  that  overexpression  of  full-length 
SMRT  further  represses  basal  transcription  from 
natural  promoters.  Together,  these  results  support 
a  role  of  SMRT/N-CoR  in  corepression  through  the 
utilization  of  multiple  mechanisms  for  receptor  in¬ 
teractions  and  transcriptional  repression.  (Molec¬ 
ular  Endocrinology  11: 2025-2037, 1997) 


INTRODUCTION 

Transcriptional  regulation  by  steroid/thyroid  hormones 
and  retinoids  is  a  critical  component  in  controlling 
many  aspects  of  animal  development,  reproduction, 
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and  metabolism  (1-4).  The  functions  of  these  hor¬ 
mones  are  mediated  by  intracellular  receptors,  which 
comprise  a  large  superfamily  of  ligand-dependent 
transcription  factors  (1).  It  has  been  established  that 
both  retinoic  acid  receptors  (RARs)  and  thyroid  hor¬ 
mone  receptors  (TRs)  function  via  formation  of  het- 
erodimeric  complexes  with  retinoid  X  receptors  (RXRs) 

(5,  6).  Once  bound  to  a  DNA  response  element,  the 
heterodimer  responds  to  ligand  through  the  C-terminal 
ligand-binding  domain  (LBD),  which  is  known  to  me¬ 
diate  not  only  hormone  binding  but  also  receptor 
dimerization,  transcriptional  activation,  and  repression 

(7. 8).  .  . 

Both  TR  and  RAR  can  function  as  transcnptional 
repressors  in  the  absence  of  ligands  and  potent  acti¬ 
vators  upon  binding  of  ligands  (7).  DNA-binding  as¬ 
says  and  functional  analysis  have  demonstrated  that 
the  repressor  activities  of  unliganded  receptors  de¬ 
pend  on  DNA  response  elements,  as  well  as  on  the 
intact  LBD  of  the  receptors  (7,  9,  10).  In  vivo,  the 
TR/RXR  heterodimer  binds  to  DNA  in  the  context  of 
chromatin,  and  nucleosome  assembly  enhances  the 
transcriptional  silencing  effect  (11).  Importantly,  the 
oncogenic  activity  of  v-erbA,  a  mutated  form  of  TR,  is 
directly  linked  to  transcriptional  repression  (12, 13).  In 
addition,  deletion  of  the  activation  domain  of  RAR 
converts  it  into  a  potent  transcriptional  repressor,  and 
this  mutation  was  shown  to  cause  defects  in  cellular 
differentiation  and  development  (14-16).  Therefore, 
transcriptional  repression  by  unliganded  nuclear  re¬ 
ceptors  appears  to  play  an  important  role  in  regulating 
cell  growth  and  differentiation. 

Hormone  binding  is  thought  to  induce  conforma¬ 
tional  changes  that  lead  to  ligand-dependent  transfor¬ 
mation  of  the  receptors  from  repressors  to  activators 
(1).  The  C  terminus  of  TR,  about  20  amino  acids, 
constitutes  the  12th  amphlpathic  helix  (helix  12)  of  the 
LBD  (17-19),  which  functions  as  a  ligand-dependent 
activation  core  domain  known  as  the  AF2-AD,  iC,  or 
t4  domain  (8,  20-22).  Comparison  of  the  LBD  struc¬ 
tures  of  the  unliganded  (19)  and  liganded  receptors 
(17,  18)  reveals  a  striking  difference  in  the  relative 
position  of  the  helix  12/AF2-AD  domain.  This  posi- 
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tional  shift  is  thought  to  play  an  important  role  in 
receptor  activation,  allowing  the  liganded  receptors  to 
displace  corepressors  (8,  23-25)  and  to  interact  with 
coactivators  (see  reviews  in  Refs.  26-28). 

SMRT  (silencing  mediator  of  retinoic  acid  and  thy¬ 
roid  hormone  receptor)  and  N-CoR  (nuclear  receptor 
corepressor)  are  two  related  transcriptional  corepres¬ 
sors  (24,  25)  that  are  distinct  from  other  proteins  (29). 
They  were  shown  to  utilize  the  C-terminal  domain  for 
interaction  with  unliganded  receptors  (30-33),  and  the 
N-terminal  domain  for  transcriptional  repression  (25, 
30).  In  this  study,  we  investigate  mechanisms  of  pro¬ 
tein-protein  interactions  between  SMRT  and  nuclear 
receptors  and  analyze  the  modes  of  repression  medi¬ 
ated  by  SMRT/N-CoR.  To  do  this,  we  define  the  inter¬ 
acting  surfaces  between  SMRT  and  nuclear  receptors 
in  binding  and  functional  assays.  Next,  we  compare 
transcriptional  repression  mediated  by  SMRT  and  N- 
CoR  using  transient  transfection  assays  in  mammalian 
cells.  Evidence  is  presented  that  SMRT  and  N-CoR 
interact  with  additional  corepressors,  and  that  histone 
deacetylation  plays  a  role  in  SMRT/N-CoR-  mediated 
repression. 


RESULTS 

Two  Receptor  Domains  Are  Essential  for 
Interaction  with  SMRT 

Deletion  mutants  in  the  carboxyl  and  amino  termini  of 
TR  and  RAR  were  used  to  analyze  the  contribution  of 
different  regions  in  the  receptors  for  protein-protein 
interaction  with  SMRT.  Figure  1A  shows  the  domain 
structure  of  TR  and  the  relative  position  of  individual 
helices  in  the  LBD  as  determined  by  x-ray  crystallog¬ 
raphy  (17, 18).  The  sequence  at  the  C  terminus  region 
around  helices  11  and  12  is  also  shown  for  both  TR 
and  RAR.  [35S]Methionine-labeled  TR  or  RAR  deletion 
mutants  were  hybridized  to  glutathione  S-transferase 
(GST)-SMRT  and  GST-RXR  in  far-Westem  analyses 
in  the  absence  of  hormone  (Fig.  IB).  The  relative 
strengths  of  these  interactions  are  summarized  in 
Fig.  1C. 

Full-length  TR  (1-456)  associates  well  with  both 
SMRT  and  RXR,  and  the  interaction  with  SMRT  can  be 
drastically  reduced  upon  hormone  treatment.  A  resid¬ 
ual  weak  interaction  was  observed  in  the  presence  of 
ligand,  consistent  with  previous  observations  (24, 30). 
Carboxyl-terminal  truncation  at  residue  441 ,  which  de¬ 
letes  helix  12,  results  in  a  mutant  that  interacts  nor¬ 
mally  with  RXR  but  that  exhibits  enhanced  interaction 
with  SMRT.  Further  truncation  at  residue  423,  which 
removes  part  of  helix  11,  reduces  the  interaction 
with  SMRT  back  to  a  level  similar  to  that  of  wild  type 
TR.  In  contrast,  this  deletion  markedly  reduces  in¬ 
teraction  with  RXR.  Further  deletions  that  remove 
additional  helices  (helices  8,  9,  and  10)  result  in 
barely  detectable  interaction  with  SMRT  and  no  in¬ 
teraction  with  RXR.  These  results  suggest  that  helix 
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12  inhibits  SMRT  association  while  helix  11  might 
promote  the  association. 

Amino-terminal  truncation  of  TR  at  residue  173, 
which  removes  the  DNA-binding  domain  (DBD),  does 
not  affect  the  interaction  with  either  SMRT  or  RXR. 
Further  N-terminal  deletion  to  residue  260,  which  re¬ 
moves  the  first  and  second  helices  of  the  TR  LBD, 
markedly  impairs  SMRT  association.  No  interaction 
with  RXR  by  this  mutant  was  detectable.  Similarly, 
C-terminal  deletion  of  helix  12  from  RAR  (1-403)  also 
increases  interaction  with  SMRT  as  compared  with 
that  of  wild  type  RAR  (1-462).  Further  deletion  to  res¬ 
idue  395,  which  removes  part  of  helix  11,  diminishes 
the  enhanced  interaction  to  a  level  comparable  with 
that  of  full-length  RAR,  and  ligand  has  little  effect  on 
the  interaction.  Together,  these  results  identify  two 
distinct  interacting  domains  at  the  N-terminal  hinge 
and  C-terminal  helix  11  regions  of  the  receptor  LBD 
that  might  act  synergistically  to  promote  interaction 
with  SMRT.  We  find  that  the  other  two  RAR  isoforms, 
0  and  y,  also  interact  with  SMRT  in  a  ligand-reversible 
manner,  although  the  interactions  observed  are 
weaker  compared  with  that  with  RARa  (Fig.  ID).  The 
interactions  of  both  RAR0  and  RARy  with  RXR  were 
not  affected  by  ligand  treatment. 

Interaction  of  Helix  12/AF2-AD  Deletion  Mutants 
with  SMRT  in  Yeast 

To  further  understand  the  role  of  helix  12/AF2-AD  in 
interaction  with  SMRT,  we  analyzed  interactions  be¬ 
tween  AF2-AD  deletion  mutants  of  RAR  and  RXR  with 
C-terminal  receptor-interacting  domain  of  SMRT  in  a 
yeast  two-hybrid  system  (Fig.  2).  The  RAR  LBD  alone 
is  sufficient  to  interact  with  SMRT  in  a  ligand-revers¬ 
ible  manner  (Fig.  2A,  column  3),  but  the  resulting  ac¬ 
tivity  is  much  weaker  compared  with  that  of  full-length 
RAR  (column  9).  Similar  to  the  far-Westem  results, 
SMRT  and  full-length  RAR  retain  some  interaction, 
even  after  treatment  of  the  yeast  cells  with  a  saturating 
amount  of  ligand.  It  is  unclear  whether  this  obervation 
reflects  an  association  between  liganded  receptors 
and  SMRT  or  the  existence  of  a  small  percent  of 
unliganded  receptors  after  ligand  treatment.  Deletion 
of  the  AF2-AD  domain  results  in  a  RAR  mutant  that 
stimulates  gene  expression  in  response  to  hormone 
treatment  in  yeast  (columns  4  and  10),  as  opposed  to 
the  dominant  negative  activity  of  this  mytant  observed 
in  mammalian  cells  (14).  The  liggod-dependent  activa¬ 
tion  of  RAR403  is  more  obvious  in  the  context  of 
full-length  receptor  (colifhn  10).  A  similar  effect  has 
been  shown  in  v-erbA,  which  normally  acts  as  a  con¬ 
stitutive  repressor  in  mammalian  cells,  but  as  a  ligand- 
dependent  activator  in  yeast  (34).  Cotransformation  of 
the  RAR403  mutants  with  a  Gal4  activation  domain- 
SMRT  fusion  (Gal4  AD-SMRT)  strongly  induces  0- 
galactosidase  expression,  even  in  the  absence  of  hor¬ 
mone  (columns  5  and  11).  Furthermore,  in  contrast  to 
the  hormone-dependent  dissociation  seen  with  full- 
length  RAR,  hormone  treatment  does  not  interrupt 
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relative  positions  of  individual  helices  determined  by  x-ray  crystallography  (1 8)  are  also  indicated.  B,  Protein-protein  interactions 
mi  SMRT  or  RXR  in  far-Westem  analyses.  The  full-length  TR  and  RAR  and  their  deletion  derivatives  wee? 
translatedlnWfro  and  labeled  by  (“Slmethlonine.  All  these  deletion  mutants  expressed  similar  amounts  of  protons  as  analyzed 
^D^AGE^  autoradiography  (not  shown).  The  position  of  GST-C.SMRT  (SMRT)  and  GST-RXR  (RXR)  fuslon^protelnsare 
as  indicated  (arrows).  Please  note  that  GST-RXR  appeared  as  a  doublet  m  our  extract.  C.  Summary  of  relativetevelsofinteractiorte 
between  receptormutants  and  SMRT  or  RXR.  The  relative  levels  of  interactions  were  scored  from  background  level  (  )  to  strong 
(+  +  +).  nd,  Not  done.  D.  Human  RAR0  and  RARy  interact  with  SMRT  in  a  ligand-reversible  manner  In  far-Westem  blots.  vehicle 

only;  RA,  1  im  of  all-trans-retinolc  add. 


these  interactions.  Similarly,  the  Gal4  DBD-SMRT  fu¬ 
sion  interacts  strongly  with  the  Gal4  AD-RAR403  mu¬ 
tants  in  a  ligand-insensitive  manner  (columns  6  and 
12).  These  results  are  consistent  with  the  enhanced 
interaction  observed  in  vitro  and  indicate  that  the 


AF2-AD  domain  may  act  as  a  negative  regulatory  el¬ 
ement,  controlling  hormone-sensitive  interaction  be¬ 
tween  SMRT  and  nuclear  receptors. 

The  effect  of  AF2-AD  deletion  in  RXR  on  association 
with  SMRT  was  also  analyzed  in  the  two-hybrid  sys- 
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A. 


Gal4  AD  fusion:  -  SMRTSMRT  -  SMRT  L403  f.403  -  SMRT  -  SMRT  f.403  f.403 


Gal4  DBD  fusion:  LRXR  I.RXR  1443  L443  SMRT  SMRT  IVOR  I.VDR  - 
Gal4  AD  fusion:  -  SMRT  -  SMRT  L443  -  -  SMRTSMRT 


Rg.  2.  Two-hybrid  Interactions  between  SMRT  and  Helix  12/AF2-AD  Deletion  Mutants  of  Nuclear  Receptors 
A,  Interaction  between  RAR403  and  C-  terminal  domain  of  SMRT  in  yeast  two-hybrid  system.  The  indicated  Gal4  AD  and  Ga\4 
DBD  fusion  constructs  were  cotransformed  into  yeast  Y190  cells,  and  the  resulting  0-galactosidase  activities  were  determined 
from  three  independent  colonies.  The  /3-galactosidase  activities  were  determined  in  the  absence  (open  bars)  or  presence  (closed 
bars)  of  1  fiM  of  all-frans-RA.  I,  Ligand  binding  domain;  f,  full  length;  403,  RAR403  mutant  with  C-terminal  truncation  at  residue 
403.  B,  Interaction  of  SMRT  with  RXR443  and  VDR  in  the  absence  of  hormone  (open  bars)  or  presence  (closed  bars)  of  1  (im 
9-cfe-RA  (for  RXR)  or  1 00  nM  1 ,25  dlhydroxyvitamin  D3  (for  VDR).  443,  RXR443  mutant  with  C-terminal  truncation  at  residue  443. 


tem  (Fig.  2B).  Ligand  treatment  weakly  activates  the 
Gal4  DBD-RXR  LBD  fusion  (column  1),  while  cotrans¬ 
formation  with  Gal4  AD-SMRT  enhances  reporter 
gene  expression  (column  2),  suggesting  that  SMRT 
can  interact  with  FIXR  in  either  absence  or  presence  of 
ligand.  Truncation  at  residue  443  enhances  the  asso¬ 
ciation  between  RXR  and  SMRT,  and  treatment  with 
ligand  does  not  alter  this  interaction  (columns  4  and  S). 
These  results  suggest  that  SMRT  can  interact  with 
RXR  and  that  the  AF2-AD  domain  of  RXR  also  acts 
negatively  in  SMRT  association.  Furthermore,  we  ob¬ 
served  a  significant  interaction  between  vitamin  D3 
receptor  (VDR)  and  SMRT  in  the  absence  of  hormone, 
and  treatment  with  ligand  reduces  the  interaction  (col¬ 
umn  8).  This  result  is  consistent  with  the  recent  finding 
that  VDR  also  contains  intrinsic  transcriptional  repres¬ 


sion  activity  (35),  suggesting  that  SMRT  might  mediate 
transcriptional  repression  by  VDR. 

Two  SMRT  Domains  Mediate  Differential 
Interactions  with  Nuclear  Receptors  ' 

The  finding  that  two  regions  of  TR  are  essential  for 
protein-protein  interaction  with  SMRT  suggests  that 
SMRT  might  also  contain  duplicated  receptor-inter¬ 
acting  domains.  Several  deletion  mutants  of  SMRT 
were  used  to  test  this  possibility  in  a  far-Westem  blot, 
and  the  results  are  summarized  in  Fig.  3A.  The  GST 
fusions  of  these  SMRT  mutants  were  overexpressed, 
and  the  purified  proteins  (Fig.  3B,  lanes  1  and  2)  or 
crude  extracts  (lanes  3,  4,  and  5)  were  analyzed  for 
interaction  with  “S-labeled  RAR  and  TR.  SMRT(981- 
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A. 


1.  GST-SMRT  (982-1 495  A) 

2.  GST-SMRT  (982-1291) 

3.  GST-SMRT  (982-1086) 

4.  GST-SMRT  (1086-1291) 

5.  GST-SMRT  (1260-1495A) 
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Fig.  3.  Two  SMRT  Domains  Interact  with  the  Receptors 

A,  Summary  of  SMRT  deletion  mutants  used  in  this  experiment  and  their  relative  levels  of  interaction  with  nuclear  receptors 
in  far-Westem  analyses  shown  In  panel  B.  The  amino  adds  encoded  by  the  SMRT  mutants  are  shown  in  parentheses.  Bound-RAR 
and  TR  were  detected  by  autoradiography,  and  the  relative  levels  of  interaction  were  scored  from  background  level  (-)  to  strong 
(+++).  The  column  numbers  in  each  panel  correspond  to  constructs  shown  in  panel  A.  Partially  purified  GST  fusion  proteins  were 
used  in  lanes  1  and  2  and  total  cell  extracts  were  used  in  lanes  3, 4,  and  5.  RID,  Receptor  interacting  domain.  +  Ts,  Plus  1  pM 
Ts;  Q,  glutamine-rich  domain;  H,  putative  helical  region;  A.  an  internal  deletion  between  amino  adds  1330  and  1375  resulting  from 
alternative  splicing. 


1495A)  Interacts  equally  well  with  both  RAR  and  TR  in 
the  absence  of  ligands.  RAR,  but  not  TR,  also  interacts 
with  degradation  products  of  SMRT(981-1495A).  Sim¬ 
ilarly,  several  fast  migrating  products  of  SMRT(1086- 
1 291)  also  interact  well  with  RAR,  but  not  with  TR  (lane 
4).  These  results  indicate  that  RAR  and  TR  may  interact 
differently  with  SMRT.  Consistent  with  this  speculation, 
we  find  that  SMRT(982-1291)  (lane  2)  as  well  as 
SMKT(1086-1291)  interact  more  strongly  with  RAR  than 
with  TR.  In  contrast,  the  C-terminal  fragment 
(1260-1 495 A)  interacts  better  with  TR  than  wth  RAR 
(lanes  5).  All  these  interactions  were  found  to  be  sensitive 
to  hormone  treatment  (Fig.  3B  and  data  not  shown). 
Together,  these  results  identify  two  independent  recep¬ 
tor  interacting  domains  (RID-1  and  RID-2)  of  SMRT  that 
appear  to  display  different  affinities  to  TR  and  RAR. 

Two  SMRT  Repression  Domains 

In  addition  to  the  C-terminal  receptor  interacting  do¬ 
mains,  SMRT/N-CoR  proteins  also  contain  strong 


transcriptional  repression  activity  at  their  N-terminal 
regions.  To  define  the  minimal  region  needed  for  re¬ 
pression  by  SMRT,  serial  SMRT  deletion  mutants  were 
generated,  and  their  repression  activities  were  ana¬ 
lyzed  using  transient  transfection  (Fig.  4A).  Consistent 
with  previous  observations,  full-length  as  well  as  N- 
SMRT  (amino  acids  1-981)  repress  basal  transcription 
strongly  and  in  a  dose-dependent  fashion  (rows  2  and 
3).  while  C-SMRT  (amino  acids  982-1495A)  exhibits 
minimal  repression  (row  4)  compared  with  Gal4  DBD 
alone  (row  1).  Further  deletion  from  the  C  terminus  of 
N-SMRT  reveals  that  amino  acids  743  to  981  are  not 
necessary  for  repression  (row  5),  while  deletion  to 
residue  475  reduces  the  repression  effect  about  2-fold 
(row  6).  These  results  suggest  that  amino  acids  475  to 
981  may  contribute  in  part  to  SMRT  repression.  Fur¬ 
ther  C-terminal  deletion  to  residue  337  drastically  in¬ 
terferes  with  repression  (row  7),  indicating  that  the 
N-terminal  boundary  of  this  SMRT  repression  do¬ 
main-1  (SRD-1)  is  located  between  amino  acids  337 
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Fig.  4.  Multiple  Transcriptional  Repression  Domains 

A,  Deletion  mapping  of  the  repression  domains  of  SMRT.  The  transcriptional  repression  activities  were  analyzed  by  transient 
transfection  in  CV-1  cells.  The  relative  levels  of  repression  were  determined  from  an  average  of  three  independent  transfections 
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and  475.  Truncation  from  the  N  terminus  reveals  that 
amino  acids  1-134  are  dispensable  for  repression  by 
SRD-1  (row  8),  while  further  deletion  to  residue  337 
abolishes  repression  (row  9),  indicating  that  the  C- 
terminal  boundary  of  the  SRD-1  is  within  amino  acids 
134-337.  When  the  SMRT  fragment  between  amino 
acids  475  and  981  was  tested  for  repression,  we  found 
that  this  fragment  also  strongly  repressed  basal  tran¬ 
scription  (row  10).  Together  with  the  observation  that 
amino  acids  743-981  are  not  important  for  repression, 
these  results  may  define  amino  acids  475-743  as 
a  second,  independent  SMRT  repression  domain 
(SRD-2). 

Sequence  comparison  between  SMRT  and  N-CoR 
reveals  that  they  share  about  45%  identity  within  both 
SRD-1  and  SRD-2,  suggesting  potential  functional 
conservation.  Therefore,  we  tested  whether  the  two 
SRD  corresponding  regions  of  N-CoR  also  contain 
repression  activities.  Consistent  with  a  previous  ob¬ 
servation  (25),  amino  acids  1-312  and  752-1016  of 
N-CoR  exhibit  strong  repression  activities  (Fig.  4B, 
rows  2  and  3),  and  the  two  N-CoR  domains  corre¬ 
sponding  to  SRD-1  and  SRD-2  also  yield  10-  to  30- 
fold  repression  (rows  4  and  5),  similar  to  the  repression 
effects  observed  by  SRD-1  and  SRD-2.  These  two 
additional  N-CoR  repression  domains  are  termed  N- 
CoR  repression  domain  3  and  4  (NRD-3  and  NRD-4), 
and  the  two  N-terminal  repression  domains  are  called 
NRD-1  and  NRD-2.  Together,  these  results  indicate 
that  both  SMRT  and  N-CoR  contain  multiple,  indepen¬ 
dent  transcriptional  repression  domains. 

To  confirm  that  lack  of  repression  in  some  of  these 
SMRT/N-CoR  deletion  mutants  is  not  due  to  lack  of 
appropriate  protein  expression,  we  analyzed  the  expres¬ 
sion  of  these  constructs  by  both  in  vitro  translation  and 
Western  blot  analysis  after  transient  transfection.  We  find 
that  all  constructs  used  in  this  experiment  express  ap¬ 
proximately  equal  amounts  of  Gal4  DBD  fusion  proteins 
In  vitro  (Fig.  4C)  and  that  the  repression-defective  mu¬ 
tants  express  well  in  vivo  (Fig.  4D).  These  results  indicate 
that  lack  of  repression  by  certain  SMRT/N-CoR  deletion 
mutants  are  not  due  to  lack  of  protein  expression. 

Multiple  Mechanisms  of  Transcriptional 
Repression  by  SMRT/N-CoR 

The  mechanism  of  transcriptional  activation  by  nuclear 
receptors  has  been  shown  to  require  recruitment  of 


coactivators,  including  histone  acetyltransferases 
such  as  CBP/p300  (36-39).  The  opposite  of  histone 
acetylation,  histone  deacetylation,  has  recently  been 
implicated  in  transcriptional  repression  by  unliganded 
receptors  and  the  associated  corepressors.  Several 
reports  have  described  a  corepressor  complex  con¬ 
taining  a  Mad-dependent  corepressor  mSin3A,  a  his¬ 
tone  deacetylase  HDAC1  or  mRPD3,  and  the  nuclear 
receptor  corepressor  SMRT/N-CoR  (40-48).  These  re¬ 
sults  suggest  that  histone  deacetylation  may  be  a 
mechanism  of  transcriptional  repression  by  unligan¬ 
ded  receptors. 

To  confirm  the  interaction  between  mSin3A  and  the 
defined  repression  domains  of  SMRT  and  N-CoR,  we 
tested  the  interactions  between  mSin3A  and  the  individ¬ 
ual  repression  domains  of  SMRT/N-CoR  in  a  mammalian 
two-hybrid  system.  Coexpression  of  a  VP1 6  AD-mSin3A 
fusion  with  all  Gal4  DBD-SMRT/N-CoR  repression  do¬ 
main  fusions  results  in  weak  reduction  of  the  repression 
activities  (Fig.  5A).  Coexpression  of  VP16  AD-mSin3A 
with  a  Gal4  DBD-HDAC1  fusion  also  results  in  partial 
release  of  repression  mediated  by  Gal4  DBD-HDAC1 
fusion.  However,  no  activation  above  the  background 
level  was  observed  even  though  a  VP16  activation  do¬ 
main  was  present  Since  the  weak  interaction  between 
SMRT/N-CoR  repression  domain  with  mSin3A  in  the 
two-hybrid  system  may  reflect  a  dominant  effect  of  re¬ 
pression  over  activation,  we  tested  the  interaction  be¬ 
tween  mSin3A  and  individual  SMRT/N-CoR  repression 
domains  in  vitro  by  far-Westem  analysis.  Full-length 
mSin3A  was  translated  and  labeled  in  vitro  and  used  as 
a  probe  for  GST  fusions  of  various  SRD  and  NRD  do¬ 
mains.  We  find  that  mSin3A  interacts  specifically  and 
consistently  with  NRD-1  and  NRD-4  in  this  assay  (Fig. 
5B).  In  one  experiment,  we  also  detected  interaction 
between  SRD-2  and  mSin3A  (data  not  shown).  No  inter¬ 
action  is  observed  between  SRD-1,  NRD-2,  and  NRD-3. 
Therefore,  these  results  suggest  that  different  SMRT  and 
N-CoR  repression  domains  may  repress  transcription  in 
a  mSin3A-dependent  or  -independent  manner. 

SMRT  Represses  Basal  Transcription  from 
Natural  Promoters 

The  hypothesis  that  SMRT/N-CoR  proteins  are  tran¬ 
scriptional  corepressors  that  facilitate  repression  by 
unliganded  receptors  is  supported  by  protein-protein 


using  0.1  pg  (open  bars),  0.2  pg  (patched  bars),  or  0.5  pg  (dosed  bars)  of  plasmid  DNAs.  The  starting  and  ending  amino  adds 
In  each  deletion  construct  are  shown  beneath  each  domain.  SRDs,  SMRT  repression  domains.  B,  Deletion  mapping  of  the  N-CoR 
repression  domains  (NRDs).  The  N-CoR  domains  are  aligned  with  those  of  SMRT  in  panel  A.  The  relative  levels  of  repression  were 
determined  using  0.5  pg  plasmid  DNA  and  comparing  the  result  to  the  Gal4  DBD  alone.  Two  new  transcriptional  repression 
domains  in  N-CoR  were  found  in  addition  to  NRD-1  and  NRD-2,  which  were  identified  previously  (25).  C,  SDS-PAGE  analysis  of 
in  vitro  translated  products  of  SMRT/N-CoR  deletion  constructs  used  in  panels  A  and  B.  Two  microliters  of  the  An  vitro  translated 
products  were  analyzed  In  a  12.5%  acrylamide  gel,  which  was  exposed  overnight  Note  that  most  of  these  constructs  appear  to 
produce  doublet  bands,  perhaps  due  to  secondary  structure  of  the  DNA  used  in  the  translation  reaction.  D,  Western  blot  analysis 
of  the  repression-defective  mutants  of  SMRT  after  transient  transfection  into  293  cells  by  using  anti-Ga!4  DBD  monoclonal 
antibody  (0.02  *tg/ml)  and  detected  by  ECL  kit.  The  gel  on  the  left  was  resolved  in  a  12.5%  acrylamide  gel  while  the  gel  on  the 
right  was  resolved  in  a  10%  gei. 
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Fig.  5.  Multiple  Mechanisms  of  Transcriptional  Repression  by  SMRT  and  N-CoR 

of  SMTRT^dJC!praCti0nS  °f  "lSln3A  Wtth  SMRT  and  N-CoR  "P""*"  domains  and  HDAC1 .  The  indicated  GaI4  DBO  fusion 
^.TfSi0n  doma,ns  HDAC1  were  transiently  transfected  Into  CV-1  cells  together  with  either  Gal4  AD 
AD-mSin3A  fusion  as  indicated.  The  relative  levels  of  repression  are  expressed  as  the  means  of  three  indeoendent 

ZTt r  rQT  ftt0ithe  4  DBD  al0ne-  B’ ln  vitro  Protein'Protein  interactions  between  mSin3A  and  SMRT/N-CoR  ration 
drains.  The  GST  fusions  of  vanous  SRD  and  NRD  domains  were  expressed  in  Escherichia  coll  and  partially  purified  The  GST 
fustonproteins  were  analyzed  by  SDS-PAGE  (right  bottom  pane/)  and  examined  for  their  abilities  tointeract^fth  “JSeS 
domains  °  eStem  blot  ^eft  uPPer Panel).  mSin3A  appears  to  interact  preferentially  with  intact  GST-NRD-1  and  GST-NRD-4 


interactions  and  transient  transfections  using  the  Gal4 
fusion  system.  To  provide  further  evidence  that  SMRT 
may  be  physiologically  relevant  in  transcriptional  reg¬ 
ulation.  we  tested  the  effect  of  SMRT  overexpression 
on  transcriptional  activity  of  receptor-responsive  pro¬ 
moters.  Overexpression  of  full-length  SMRT  (Fig.  6, 
lane  2),  but  not  that  of  C-SMRT  lacking  the  repression 
domains  (lane  3).  repressed  basal  expression  from  a 
mouse  RAR/32  promoter  approximately  2-fold  in  com¬ 


parison  to  the  empty  vector  (lane  1).  The  same  result  is 
evident  with  two  minimal  response  elements  in  the 
context  of  a  thymidine  kinase  promoter  in  the  absence 
of  hormone  (Fig.  5 A).  As  expected,  hormone  treatment 
enhanced  transcription  from  these  promoters,  while 
overexpression  of  full-length  SMRT  reduced  slightly 
this  ligand-dependent  activation.  C-SMRT  enhances 
the  ligand-dependent  activation  from  these  promoters 
(Fig.  5B).  These  results  suggest  that  SMRT  may,  at 
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A.  No  hormone 


mRAR(32-Luc 


pRE2-tk-Luc 


2.5 


TREp-tk-Luc 


B.  IpMatRA 


Fig.  6.  SMRT  Represses  Basal  Transcription  from  RAR-  and  TR-Responsive  Promoters 
The  mRARp2  promoter,  two  copies  of  the  0RARE  (pRARE-tk-luc),  and  the  TRE  (TRE-tk-luc)  response  elements  were  linked  to 
a  ludf erase  reporter  and  transiently  transfected  Into  CV-1  cells  together  with  empty  vector  alone  (lanes  1),  full-length  SMRT 
expression  vector  (lanes  2),  or  C-SMRT  expression  vector  (lanes  3).  The  relative  level  of  repression  In  the  absence  of  hormone 
Is  shown  In  panel  A,  while  the  relative  level  of  activation  in  the  presence  of  1  #«m  all-frans  retinoic  add  (atRA)  is  shown  in  panel 
B. 


least  under  certain  circumstances,  facilitate  transcrip¬ 
tional  repression  of  natural  promoters. 


DISCUSSION 

Transcriptional  repression  has  been  recognized  as  a 
critical  component  of  TR  and  RAR  function  and  is 
thought  to  be  mediated  by  association  of  unliganded 
receptors  with  silencing  mediators  (corepressors) 
such  as  SMRT  and  N-CoR.  To  understand  the  function 


of  these  putative  corepressors,  we  have  characterized 
their  respective  receptor  interaction  and  transcrip¬ 
tional  repression  properties.  Two  distinct  receptor-in¬ 
teracting  domains  of  SMRT  are  identified  that  may 
interact  directly  with  two  corresponding  regions  in  the 
receptor.  We  find  that  SMRT  utilizes  at  least  two  dis¬ 
tinct  domains  (SRD-1  and  SRD-2)  for  transcriptional 
repression,  consistent  with  a  recent  report  (42).  The 
two  SRD-corresponding  regions  in  N-CoR  also  re¬ 
press  basal  transcription,  indicating  that  N-CoR  con¬ 
tains  four  independent  repression  domains.  These  re¬ 
sults  demonstrate  the  existence  of  multiple  and 
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possibly  redundant  receptor  interaction  and  transcrip¬ 
tional  repression  domains  in  SMRT  and  N-CoR.  One 
might  expect  that  this  multiplicity  will  ensure  a  reliable 
targeting  of  the  corepressors  and  appropriate  repres¬ 
sion  of  target  genes  before  activation. 

The  hinge  region  of  TR  was  originally  shown  to 
interact  directly  with  the  RID-2  region  of  N-CoR  (25). 
Our  results  indicate  that  TR  requires  an  additional 
C-terminal  region  for  efficient  association  with  SMRT. 
Nested  deletion  analyses  suggest  that  helix  1 1  of  the 
TR  LBD  plays  an  important  role  in  stabilizing  SMRT 
association,  presumably  by  cooperating  with  the  N- 
terminal  helix  1-2  region.  The  interaction  of  SMRT  with 
either  the  N  terminus  or  C  terminus  of  the  LBD  alone  is 
very  weak  but  detectable,  suggesting  that  these  two 
potential  interacting  surfaces  may  act  synergistically 
to  promote  protein-protein  interactions  and  to  ensure 
appropriate  recruitment  of  the  corepressors.  Similarly, 
two  independent  regions  in  the  receptor  have  been 
shown  to  act  synergistically  for  interaction  with  N-CoR 
(32, 49, 50).  It  has  recently  been  shown  that  a  receptor 
dimer  is  required  for  interaction  with  SMRT/N-CoR 
and  that  SMRT/N-CoR  may  contribute  to  receptor- 
specific  transcriptional  repression  (51).  Furthermore, 
an  antagonist  of  the  transcriptional  activation  by  RXR 
homodimer  was  shown  to  promote  association  with 
the  corepressor  SMRT  (52).  Together,  these  studies 
suggest  that  SMRT  and  N-CoR  may  utilize  similar  but 
distinct  mechanisms  for  interaction  with  nuclear 
receptors. 

We  cannot  exclude  the  possibility  that  the  tight  as¬ 
sociation  with  SMRT  by  the  AF2-AD  deletion  mutants 
may  weaken  hormone  binding  to  the  receptor,  but  the 
ability  of  RAR403  to  respond  to  ligand  treatment  in 
yeast  cells  indicates  that  this  mutation  does  not  elim¬ 
inate  the  receptor’s  hormone-binding  capability,  con¬ 
sistent  with  previous  observations  (14,  53).  Therefore, 
the  inability  of  hormone  to  dissociate  corepressors  is 
likely  due  to  the  lack  of  certain  conformational 
changes  that  would  normally  take  place  in  the  pres¬ 
ence  of  the  AF2-AD.  It  is  possible  that  the  assumed 
shift  of  AF2-AD  upon  hormone  binding  is  a  prerequi¬ 
site  for  additional  structural  changes  that  are  impor¬ 
tant  for  corepressor  dissociation.  Alternatively,  the 
shift  of  helix  12  may  mask  or  compete  with  certain 
interacting  surfaces  required  for  binding  corepressors. 
The  fact  that  the  AF2-AD  deletion  creates  a  mutant 
that  binds  tighter  to  the  corepressors  favors  this 
model.  We  suspect  that  helix  1 1  could  constitute  such 
an  interacting  surface,  since  disruption  of  this  helix 
eliminates  the  enhanced  interaction  resulting  from  de¬ 
letion  of  AF2-AD.  Our  results  suggest  that  AF2-AD 
may  act  to  balance  the  association  between  nuclear 
receptors  and  the  corepressors,  by  preventing  over¬ 
association  of  unliganded  receptors  with  corepres¬ 
sors.  thereby  facilitating  ligand-dependent  dissocia¬ 
tion  of  corepressors. 

Nested  deletion  analysis  reveals  two  distinct  sub- 
domains  in  SMRT  that  are  capable  of  independent 
interaction  with  nuclear  receptors.  These  two  recep¬ 


tor-  interacting  domains,  RID-1  and  RID-2,  interact 
differently  with  TR  and  RAR.  The  N-terminal  RID-1 
region  interacts  more  strongly  with  RAR,  and  it  con¬ 
tains  a  glutamine-rich  domain,  while  the  C-terminal 
RID-2  region  interacts  better  with  TR  and  contains  a 
putative  helical  domain  analogous  to  that  identified 
previously  in  N-CoR  (25).  The  different  receptor-inter¬ 
acting  properties  of  these  two  domains  suggest  that 
SMRT  may  utilize  distinct  mechanisms  for  interaction 
with  different  receptors.  The  RID-2  region  in  N-CoR 
has  been  shown  to  interact  directly  with  the  hinge 
region  of  TR  (25),  and  therefore  it  is  reasonable  to 
predict  that  the  N-terminal  RID-1  region  might  interact 
with  the  C-terminal  region  of  the  LBD. 

Functional  analysis  of  the  transcriptional  repression 
activities  of  SMRT  and  N-CoR  reveals  two  indepen¬ 
dent  domains  that  are  capable  of  repressing  basal 
transcription.  Together,  there  appear  to  be  four  inde¬ 
pendent  repression  domains  in  N-CoR  and  two  in 
SMRT.  These  repression  domains  could  act  indepen¬ 
dently,  and  some  repress  basal  transcription  as  effi¬ 
ciently  as  the  full-length  protein,  suggesting  that  these 
domains  might  act  redundantly  and  possibly  through 
different  mechanisms.  Sequence  comparison  of  these 
repression  domains  gives  little  clue  as  to  possible 
mechanisms  of  repression.  However,  within  SRD-1 
and  the  corresponding  NRD-3,  four  potential  repeated 
motifs  sharing  a  consensus  sequence  of  GSITQGTPA 
have  been  identified  (32).  In  addition,  two  other  poten¬ 
tial  repeats  with  a  consensus  sequence  of 
KGHVI#YEG  are  noted.  These  motifs  are  well  con¬ 
served  between  SMRT  and  N-CoR,  suggesting  that 
they  might  contribute  to  repression. 

Recently,  several  papers  reported  that  mSin3A  and 
the  histone  deacetylase  HDAC1  form  a  ternary  com¬ 
plex  with  SMRT  and  N-CoR  (42,  46).  These  results 
indicate  that  SMRT  and  N-CoR,  while  interacting  with 
unliganded  receptors,  can  also  interact  with  additional 
corepressors  such  as  mSin3A  and  mSin3B  (54),  as 
well  as  the  histone  deacetylases  HDAC1  (55)  and 
mRPD3  (56).  The  recruitment  of  histone  deacetylase  to 
target  promoters  by  unliganded  receptors  through 
SMRT,  N-CoR,  and  mSin3  suggests  that  deacetylation 
of  histones  or  other  factors  may  play  a  role  in  tran¬ 
scriptional  repression,  perhaps  by  establishing  an  un¬ 
favorable  chromatin  structure  for  trarjscrtfftional  acti¬ 
vation  (41).  Our  results  suggest  weak  two-hybrid 
interactions  between  SMRT^N-CoR  and  mSin3A,  or 
between  mSin3A  and  HDA(5l,  even  though  a  VP16 
activation  domain  was  present.  Alternatively,  these 
results  may  suggest  that  the  repression  activity  of  the 
corepressor  complex  is  dominant  over  that  of  the 
VP16  activation  domain.  An  in  vitro  protein-protein 
interaction  assay  detects  association  of  mSin3A  with 
NRD-1  and  NRD-4,  but  not  with  other  repression  do¬ 
mains.  Although  our  results  are  consistent  with  recent 
reports,  our  data  also  suggest  the  possibility  of  other 
repression  mechanisms. 
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MATERIALS  AND  METHODS 


Plasmids 

The  GST  fusions  of  C-SMRT  (GST-SMRT)  and  RXR  (GST- 
RXR)  were  described  previously  (24,  30).  Serial  C-terminal 
and  N-terminal  deletion  mutants  of  human  TR0  and  human 
RARa  were  generated  by  appropriate  restriction  enzyme  di¬ 
gestion  and/or  PCR  amplification  from  the  parental  expres¬ 
sion  construct  pCMX-hTR/3  and  pCMX-hRARa  (57).  The 
GST-SMRT  deletion  constructs  were  generated  by  enzyme 
digestion  at  indicated  residues  from  the  parental  construct 
GST-SMRT.  The  Gal4  DBD  fusions  of  individual  repression 
domains  of  SMRT  and  N-CoR  were  generated  by  PCR  am¬ 
plification  and  were  subsequently  transferred  to  pGEX  vector 
for  expression  of  GST  fusion  proteins.  The  VP16  AD-mSin3A 
construct  was  created  by  subcloning  the  Seal  (at  residue  56) 
to  BglU  fragment  of  mSin3A  (58)  into  the  pCMX-VP16  vector. 
Detailed  information  regarding  these  plasmids  Is  available 
upon  request. 

Far-Western  Analysis 

GST  fusion  proteins  were  separated  by  denaturing  protein 
gels  (SDS-PAGE)  and  electroblotted  onto  nitrocellulose  filters 
In  transfer  buffer  (25  mM  Tris-HCI.  pH  8.3;  192  mM  glycine; 
0.01%  SDS).  After  denaturation  in  6  m  guanidine  hydrochlo¬ 
ride  (GnHCI),  the  proteins  were  renatured  by  stepwise  dilution 
of  GnHCI  to  0.187  M  in  HB  buffer  (25  mM  HEPES,  pH  7.7;  25 
mM  NaCt;  5  mM  MgCI2;  1  mM  dithiothreitol).  The  filters  were 
then  saturated  in  blocking  buffer  (5%  nonfat  milk,  then  1% 
milk  in  HB  buffer  plus  0.05%  NP40)  at  4  C  overnight  or  at  37 
C  for  1  h.  In  vitro  translated  “S-labeled  proteins  were  diluted 
into  hybridization  buffer  (20  mM  HEPES,  pH  7.7;  75  mM  KCI; 
0.1  mM  EDTA;  2.5  mM  MgCI2;  0.05%  NP40;  1%  milk;  1  mM 
dithiothreitol),  and  the  filters  were  allowed  to  hybridize  over¬ 
night  at  4  C.  After  three  washes  (5  min  each)  with  the  hybrid¬ 
ization  buffer,  the  bound  proteins  were  detected  by 
autoradiography. 

Yeast  Two-Hybrid  Assay 

The  yeast  two-hybrid  assay  was  carried  out  in  the  Y190  yeast 
strain  (59).  The  Gal4  DBD  fusion  constructs  were  generated  in 
either  the  pAS  or  pGBT  vector  (CLONTECH,  Palo  Alto,  CA), 
and  the  Ga!4  AD  fusion  constructs  were  in  the  pGAD  or  pACT 
vector  (CLONTECH).  The  0-galactosidase  activities  were  de¬ 
termined  with  the  O-nitrophenyl  0-o-galactopyranoskJe  (Sig¬ 
ma,  St.  Louis,  MO)  liquid  assay  as  previously  described  (30). 

Cell  Culture  and  Transient  Transfection 

African  green  monkey  kidney  CV-1  cells  were  grown  in 
DMEM  supplemented  with  10%  resin-charcoal  stripped  FBS, 
50  U/ml  penicillin  G,  and  50  *tg/ml  streptomycin  sulfate  at  37 
C  in  5%  C02.  One  day  before  transfection,  cells  were  plated 
in  a  24-well  culture  dish  at  a  density  of  50,000  cells  per  well. 
Transfection  was  performed  by  standard  calcium  phosphate 
precipitation  (57).  All  transfection  experiments  were  per¬ 
formed  in  triplicate  and  were  replicated  at  least  once.  Twelve 
hours  after  transfection,  cells  were  washed  with  PBS  and 
refed  fresh  medium  containing  indicated  amounts  of  ligands. 
After  30  h,  cells  were  harvested  for  0-galactosidase  and 
ludf erase  assay  as  described  previously  (30).  The  relative 
ludferase  activities  are  arbitrary  light  units  normalized  to  the 
0-galactosidase  activities. 

In  Vitro  Translation  and  Western  Blot 

In  vitro  transcription/translation  reactions  were  carried  out  in 
rabbit  reticulocyte  lysates  using  the  TNT  T7  Quick  coupled 


transcription/translation  system  (Promega,  Madison,  Wl). 
t35S)Methionine  (Amersham,  Arlington  Heights,  IL)  was  added 
during  the  translation  reactions,  which  were  performed  at  30 
C  for  90  min.  The  translated  reactions  were  analyzed  by 
SDS-PAGE,  followed  by  autoradiography.  For  Western  blot 
analysis,  transfected  cells  were  lysed  in  SDS-sample  buffer, 
and  the  extracts  were  separated  by  SDS-PAGE.  The  gels 
were  transferred  onto  nitrocellulose  membranes,  blocked 
with  nonfat  milk,  and  hybridized  with  anti-Gal4  DBD  mono¬ 
clonal  antibody  according  to  manufacturer’s  recommenda¬ 
tion  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA).  The  filters 
were  washed  and  incubated  with  horseradish  peroxidase- 
conjugated  anti-mouse  IgG  secondary  antibody  and  devel¬ 
oped  by  enhanced  chemiluminescent  reaction  (Amersham). 
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ABSTRACT:  Transcriptional  regulation  by  steroid/nuclear  receptors  is  the  central  theme  of  hormone  action  that 
controls  key  aspects  of  cell  differentiation,  development,  and  homeostasis.  The  molecular  mechanisms  of  gene 
activation  and  repression  by  the  receptors  have  been  investigated  extensively  in  recent  years.  Particularly,  several 
new  proteins  involved  in  this  signaling  pathway  have  been  identified,  cloned,  and  demonstrated  to  modulate 
transcription  in  concert  with  nuclear  receptors.  In  the  absence  of  hormone,  unliganded  receptors  interact  with  a 
family  of  transcriptional  corepressors,  including  SMRT  and  N-CoR,  which  target  histone  deacetylases  to  establish 
a  condensed  and  repressed  chromatin  structure.  Upon  hormone  binding,  the  corepressor  complex  is  replaced  by 
a  coactivator  complex,  containing  SRC1/TIF2/RAC3  and  CBP/p300,  which  target  histone  acetyltransferases  to 
generate  a  transcriptionally  accessible  chromatin  structure.  These  studies  initiate  a  new  era  in  the  history  of 
hormone  research  and  provide  novel  entry  points  for  understanding  the  mechanisms  of  transcriptional  regulation 
by  steroid/nuclear  receptors. 

KEY  WORDS:  coactivators/corepressors,  SMRT/N-CoR,  histone  acetylation  deacetylation,  RAC3/SRC-1/ 
TIF2,  CBP/p300. 


I.  INTRODUCTION 

Transcriptional  regulation  by  steroids,  thy¬ 
roids,  retinoids,  and  vitamin  D3  plays  a  critical 
role  in  controlling  numerous  key  aspects  in  ani¬ 
mal  development,  reproduction,  homeostasis, 
metabolism,  and  adult  organ  physiology.7’57’71*72’102 
The  intracellular  receptors  for  these  hormones 
and  lipophilic  compounds  comprise  a  large  fam¬ 
ily,  many  of  which  are  ligand-dependent  tran¬ 
scription  factors.  These  receptor  proteins  are 
characterized  by  a  common  domain  structure:  an 
N-terminal  DNA-binding  domain  (DBD)  plus  a 
C-terminal  ligand  binding  domain  (LBD).  In  ad¬ 
dition  to  ligand  binding,  the  LBD  also  mediates 
dimerization,  transcriptional  activation,  and  re¬ 
pression.  Two  classes  of  the  receptors  are  known 
to  mediate  the  function  of  all  identified  hor¬ 
mones.  The  first  class  contains  receptors  for  ste¬ 
roids  such  as  progesterone  (PR),  glucocorticoid 
(GR),  estrogen  (ER),  androgen  (AR),  and  minera- 


corticoid  (MR).  These  steroid  receptors  are  nor¬ 
mally  inactive  and  associated  with  heat  shock 
proteins  (HSPs)  in  the  absence  of  hormone. 
Hormone  binding  activates  the  receptors  by  dis¬ 
sociating  HSPs,  facilitating  homodimerization, 
nuclear  translocation,  and  eventually  allows  the 
receptors  to  bind  DNA  and  control  gene  expres¬ 
sion.  The  second  class  includes  receptors  for 
vitamin  D3  (VDR),  thyroids  (TR),  retinoids 
(RAR),36  rexinoid  (RXR),76  and  prostanoids 
(PPAR).34’59  This  class  of  receptors  are  nuclear 
proteins  that  form  heterodimeric  complexes  with 
RXR.71  Several  of  these  RXR  heterodimers  are 
thought  to  bind  DNA  and  repress  transcription 
in  the  absence  of  ligand  and  activate  transcrip¬ 
tion  upon  ligand  treatment.35’60’107’114’126 

In  the  past  few  years,  the  mechanisms  of  tran¬ 
scriptional  activation  and  repression  by  steroid/ 
nuclear  receptors  have  been  the  focus  of  intense 
studies.  In  particular,  new  regulatory  proteins  that 
bind  to  the  receptors  have  been  explored  exten- 
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sively  (see  Table  1  and  Refs.  37,51,94),  by  utiliz¬ 
ing  biochemical  and  genetic  screening  strate¬ 
gies.20’28,30  These  studies  have  led  to  the  discovery 
of  many  putative  transcriptional  coactivators  and 
corepressors  that  associate  with  either  liganded  or 
unliganded  receptors,  respectively.  Recent  stud¬ 
ies  on  mechanisms  of  coactivation  and  corepres¬ 
sion  by  these  receptor  cofactors  have  established 
a  molecular  link  between  transcriptional  activa¬ 
tion  and  enzymatic  modification  of  chromatin.  In 
this  review,  we  provide  a  survey  of  current  puta¬ 
tive  nuclear  receptor  coactivators  and  corepres¬ 
sors  and  suggest  mechanisms  of  coactivation  and 
corepression.  In  particular,  for  coactivators,  we 
focus  the  discussion  on  a  novel  family  of  proteins 
that  includes  steroid  receptor  coactivator- 1  (SRC- 
1^56,81,100,122  transcriptional  intermediate  factor-2 
(TIF2),109  glucorticoid  receptor  interacting  pro¬ 
tein-1  (GRIP1),47  and  receptor-associated 
coactivator  3  (RAC3),68  p300/CBP/cointegrator 
protein  (pCIP),105  activator  of  retinoid  receptors 
(ACTR),16  and  amplification  in  breast  cancers 
(AIB  l).2  For  corepressors,  we  discuss  the  mechan¬ 
isms  of  corepression  by  two  related  proteins:  the 
silencing  mediator  for  retinoid  and  thyroid  hor¬ 
mone  action  (SMRT)17  and  nuclear  receptor  core¬ 
pressor  (N-CoR).50 

II.  RECEPTOR-ASSOCIATED 
COACTIVATORS 

The  involvement  of  coregulatory  proteins  in 
receptor  signaling  was  first  postulated  when 
members  of  nuclear  receptor  superfamily  were 
found  to  functionally  cross-react  with  each  other74 
and  with  other  classes  of  transcription  factors.90 
Since  then,  biochemical  and  genetic  approaches 
have  been  used  successfully  in  identifying  and 
cloning  receptor-associated  proteins.11’91  In  one 
approach,  purified  glutathione-S-transferase 
(GST)-receptor  fusion  proteins  are  incubated  with 
metabolically  labeled  cell  extracts  prepared  be¬ 
fore  or  after  hormone  treatments.  The  cellular 
proteins  bound  to  GST  fusion  proteins  are  col¬ 
lected  and  analyzed  by  SDS-polyacrylamide  gel 
electrophoresis  (PAGE).  Using  this  approach, 
two  major  ER-associated  proteins  (ERAP140  and 
ERAP160)  and  a  300-kDa  protein  were  identi¬ 


fied.11'39  Similarly,  two  proteins  with  molecular 
weight  140  kDa  (pl40)  and  160  kDa  (pi 60) 
were  found  to  interact  with  liganded  RAR  and 
RXR,61  and  three  proteins  with  molecular  weight 
95,  120,  and  170  kDa  were  found  to  associate 
with  liganded  GR.29  In  an  alternative  approach, 
stably  transfected  cells  expressing  epitope-tagged 
TR  were  used  in  immunoprecipitations  to  isolate 
TR-associated  proteins  (TRAPs).32  Nine  poly¬ 
peptides  in  the  TRAP  complex  were  identified: 
TRAP80,  93,  95,  97,  100,  150,  170,  220,  and 
230.  The  TRAP  complex  appears  to  enhance 
TR-mediated  transcriptional  activation  in  vitro, 
suggesting  that  at  least  certain  components  act 
as  coactivators.  Whether  any  of  these  polypep¬ 
tides  interacts  directly  with  liganded  TR,  and 
whether  all  of  these  TRAPs  are  required  for  T3 
stimulated  transcription,  await  further  investi¬ 
gation.  Using  other  approaches,  the  yeast  two- 
hybrid  system28’30-41  and  expression  screening  of 
bacteriophage  cDNA  libraries,11  investigators  have 
cloned  most  of  the  current  candidates  for  receptor- 
associated  cofactors. 

The  receptor-associated  coactivators  (RACs) 
are  proteins  that  physically  interact  with  DNA- 
bound  and  transcriptionally  active  nuclear  recep¬ 
tors,  enhancing  transcriptional  activation  by  the 
receptors.  Several  proteins  have  been  demonstrated 
to  meet  these  criteria,  including  the  transcrip¬ 
tional  intermediate  factor  1  (TIF1),66  the  receptor 
interacting  protein  140  (RIP140),12  the  androgen 
receptor  activator  (ARA70),123  and  the  SRC  gene 
family.2’16’56’68'81’100’105,122’130  In  addition,  the  human 
SWI/SNF  complex19'58’75  and  the  CREB/E1  A-bind- 
ing  protein  (CBP/p300)3’21,62  can  also  interact  with 
nuclear  receptors  and  enhance  transcription,  de¬ 
spite  their  broader  roles  in  transcriptional  activa¬ 
tion  associated  with  other  transcription  factors. 
These  “general”  coactivators  are  thought  to  func¬ 
tion  as  integrators  for  different  signaling  path¬ 
ways.  Among  these  putative  RACs,  members  of 
the  SRC  family  (Figure  1)  have  been  the  major 
focus  of  recent  studies.  Their  roles  in  transcrip¬ 
tional  activation  of  the  receptors  have  been 
strongly  supported,  and  recent  observations  sug¬ 
gest  that  some  SRC  proteins  may  contribute  to  the 
development  of  human  cancers.2  Below,  we  dis¬ 
cuss  the  cloning,  characterization,  and  mecha¬ 
nisms  of  coactivation  by  the  SRC  family  proteins. 


TABLE  1 

Putative  Nuclear  Receptor  Coactivators  and  Corepressors 


Species 

Synonyms 

Homoiogs 

Related  proteins 

Receptors 

Functional  properties 

Refs. 

Coactivators 

RIP140 

Human 

ERAP140 

ER 

Stimulate  or  repress 

12 

p140? 

ER  function, 
depending  on 
level  of  expression 

TRIP1 

Human 

Sugl 

mSugl, 

TR 

A  component  of  the 

67 

ySugl 

26S  proteosome 

TIF1 

Human 

TIFIa 

TIFip 

KRIP-1 ,  T18 

ER,  RAR, 

Stimulate  or  repress 

26,65 

RXR 

transactivation  by 
receptor  depending 
on  level  of  expression 

SRC-1 

Human 

NCoA-1 

mSRC-1 

TIF2,  RAC3 

Potentiate  receptor 

56,81, 

activation 

122 

TIF2 

Human 

GRIP1 

SRC-1,  RAC3 

Potentiate  receptor 

109 

activation 

GRIP1 

Mouse 

NCoA-2 

TIF2 

SRC-1,  RAC3 

Potentiate  receptor 
activation  in  yeast 

47 

ARA70 

Human 

AR,  GR, 

Potentiate  AR  activation 

123 

ER,  PR 

CBP 

Mouse 

p300 

RAR,  RXR, 

Potentiate  transactivation 

13,56 

TR 

by  receptors  and  other 
transcription  factors 

p300 

Human 

CBP 

RAR,  RXR, 

Potentiate  transactivation 

13,56 

TR 

by  receptors  and  other 
transcription  factors 

SWI2 

Human 

SNF2 

hBRGI 

RAR,  ER 

Enhance  receptor 

19 

activation 

p/CIP 

Mouse 

RAC3 

TIF2,  SRC-1 

ER,  TR, 

Potentiate  activation  by 

105 

RXR,  RAR, 

receptors  and  STATs 

RAC3 

Human 

ACTR, 

p/CIP 

SRC-1,  TIF2 

RAR,  RXR, 

Potentiate  activation  by 

68 

AIB1 

TR,  VDR, 

ER,  PR 

nuclear  receptors 

Corepressors 

SMRT 

Human 

TRAC-2 

mSMRT 

N-CoR 

TR,  RAR, 

Mediate  transcriptional 

17 

COUP,  RVR, 

silencing  by 

Rev-erb 

unliganded  receptors 

N-CoR 

Mouse 

RIP13 

hN-CoR 

SMRT 

TR,  RAR, 

Mediate  silencing  by 

50 

COUP,  RVR, 
Rev-erb 

unliganded  receptors 

mSin3A 

Mouse 

mSin3B 

Associate  with  SMRT 

44,79 

and  N-CoR 

mSin3B 

Mouse 

mSin3A 

Associate  with  N-CoR 

44,79 

HDAC1 

Human 

HD1 

RPD3 

Associate  with  SMRT/ 

42 

N-CoR  and  mSin3 
complex, histone 
deacetylase 

mRPD3 

Mouse 

yRPD3 

HDAC1 

Associate  with  SMRT/ 

44 

N-CoR  and  mSin3 
complex,  histone 
deacetylase 
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FIGURE  1.  The  SRC  family  of  receptor-associated  coactivators.  The  human  proteins  in  this  gene  family  are  used 
for  comparison.  RAC3  is  also  known  as  ACTR  and  AIB1,  with  a  few  amino  acid  differences.  p/CIP  is  the  mouse 
homologue  of  RAC3.  TIF2  is  also  known  as  GRIP1  or  NCoA-2.  The  similarity  of  each  domain  between  RAC3  and 
TIF2  and  between  RAC3  and  SRC-1  are  as  indicated.  The  N-terminal  region  of  these  three  proteins  contains 
putative  basic-helix-loop-helix  (bHLH),  Per-AhR-Sim  (PAS)-A  and  B  domains.  The  central  region  of  these  proteins 
contains  six  LXXLL  (or  LCD:  leucine  charged  domain)  motifs.  The  C  terminal  contains  a  glutamine-rich  domain 
where  a  consecutive  26  glutamine  residues  was  found  in  RAC3  but  not  in  TIF2  or  SRC-1.  A  central  receptor 
interacting  domain  is  located  around  the  first  three  LXXLL  motifs,  while  a  second  interacting  domain  is  found  at  the 
C-terminus  of  SRC-1 .  The  nuclear  receptors  that  have  been  identified  to  interact  with  these  regions  are  shown.  A 
single  activation  domain  (AD)  and  a  histone  acetyltransferase  domain  (HAT)  as  well  as  a  region  involved  in  CBP/ 
p300  interaction  are  also  indicated. 


A.  SRC-1  (NCoA-1) 

SRC-1  was  initially  identified  as  a  1061-aa 
polypeptide  that  interacts  with  PR.81  Subse¬ 
quently,  additional  1278  base  pairs  (bp)  at  5'  of 
SRC-1  were  reported.100  This  N-terminal  se¬ 
quence  predicts  an  additional  362  amino  acids. 
Therefore,  the  human  SRC-1  gene  appears  to 
encode  a  1440-aa  polypeptide  with  an  estimated 
molecular  weight  of  156  kDa,  which  is  consis¬ 
tent  with  the  putative  coactivator  pi 60  by  previ¬ 
ous  biochemical  studies.56  Three  laboratories  also 
reported  the  mouse  homologue  of  SRC-1,  which 
appears  to  encode  additional  N-terminal  se¬ 
quences56122,130  and  shares  more  than  90%  iden¬ 
tity  with  human  SRC-1.  Northern  blot  analysis 
indicates  two  SRC-1  transcripts  in  most  human 


tissues  and  cell  lines,  consistent  with  the  cloning 
of  several  spliced  variants  of  mSRC- 1 .56 

Full-length  SRC-1  contains  a  putative  N-ter¬ 
minal  basis-helix-loop-helix  (bHLH)  domain  com¬ 
mon  to  many  transcriptional  regulators.122  This 
bHLH  domain  functions  as  a  DNA-binding  motif 
as  well  as  a  dimerization  interface  for  many  tran¬ 
scriptional  factors,  including  the  MyoD  family  of 
proteins.77,78  However,  the  function  of  the  bHLH 
motif  in  SRC-1  remains  unclear.  Downstream 
from  the  bHLH  motif,  a  region  similar  to  the 
Period- Aryl  hydrocarbon  receptor-Single  minded 
(PAS)-A  and  B  domains  was  identified.  The  PAS 
domains  in  Drosophila ,  as  well  as  in  hypoxia  and 
dioxin  signaling  pathways,  have  been  demon¬ 
strated  to  play  important  roles  in  protein-protein 
interaction,  heterodimeric  partner  selection,  and 
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target  gene  specificity.70-98129  Nonetheless,  both 
bHLH  and  PAS  domains  seem  to  be  dispensible 
for  SRC-1  coactivation.81  Following  the  PAS 
domain  is  a  region  rich  in  serine  and  proline 
residues  and  a  glutamine-rich  domain.  Despite 
the  identification  of  these  special  features  in  the 
SRC-1  sequence,  no  functional  role  has  been  at¬ 
tributed  to  any  of  these  domains. 

SRC-1  interacts  directly  with  agonist  (R5020) 
but  not  antagonist  (RU486)-bound  PR  in  a  GST 
pull-down  assay,81  as  well  as  with  RAR,  ER,  TR, 
PPAR,  VDR,  and  RXR  in  either  GST  pull-down, 
far-Westem  blot,  or  two-hybrid  assays.25-56-81’100,122’130 
In  addition,  Gal4  DBD-SRC-1  fusion  stimulates 
transcriptional  activation  from  a  Gal4-dependent 
promoter,68-105-130  indicating  that  SRC-1  possesses 
intrinsic  activation  function.  The  capability  of  a 
protein  to  associate  with  nuclear  receptors  and  to 
activate  transcription  supports  the  role  of  SRC-1 
as  an  auxiliary  factor  in  receptor-mediated  tran¬ 
scription.  Two  domains  in  SRC-1  interact  inde¬ 
pendently  with  the  receptors,  the  first  beyond  the 
glutamine-rich  region  at  the  C-terminus81  and  a 
second  at  the  central  region  between  amino  acids 
569  and  789.122-130  Further  analysis  of  these  inter¬ 
acting  regions  revealed  striking  conservation  of 
motifs  with  a  LXXLL  consensus  core  sequence 
(or  leucine  charged  domains;  LCDs)  flanked  by 
charged  residues.43-68-105  Three  such  motifs  (i,  ii, 
iii)  were  found  in  the  second  interacting  domains 
and  one  motif  (vii)  was  identified  within  the  C- 
terminus  interacting  domain.  Each  of  these  four 
motifs  is  sufficient  to  interact  with  liganded  ER, 
and  point  mutations  in  all  four  motifs  disrupt  ER- 
receptor  interaction.43  Furthermore,  a  synthetic 
polypeptide  encompassing  the  C-terminus  motif 
inhibits  interaction  between  wild-type  SRC-1  and 
ER.  Deletion  analysis  and  peptide  competition 
assay  demonstrated  that  motif  ii  was  most  impor¬ 
tant  in  mediating  the  interaction  with  both  ER  and 
RAR,  whereas  motif  i  was  less  critical  and  motif 
iii  is  not  required.105  Somewhat  paradoxically, 
motif  iii  mutation  alone  seemed  to  abolish  the 
ability  of  SRC-1  to  rescue  RAR-dependent  tran¬ 
scription  blocked  by  specific  IgG,  but  had  no 
effect  on  ER-dependent  transcription.  On  the  other 
hand,  motif  ii  mutation  seemed  to  exert  a  dra¬ 
matic  effect  on  ER-dependent  transcription,  but  a 
less  obvious  effect  on  RAR-dependent  transcrip¬ 


tion.  These  studies  suggest  that  the  interacting 
surfaces  between  SRC-1  and  the  receptors  are 
multifaced,  indicating  that  the  helical  interaction 
motifs  may  dictate  receptor  specificity.  Similar 
LXXLL  motifs  were  found  in  other  receptor-as¬ 
sociated  proteins  such  as  RIP  140,  TIF1,  CBP/ 
p300,  and  several  TR-interacting  proteins,91  sug¬ 
gesting  the  this  motif  may  be  a  common  feature 
involved  in  receptor  interaction.  Intriguingly,  in¬ 
troduction  of  motif  iv  polypeptide  was  able  to 
selectively  inhibit  RAR-dependent,  but  not  STAT- 
dependent  transcriptional  activation105  and  a  syn¬ 
thetic  oligopeptide  corresponding  to  the  STAT- 
interacting  domain  of  CBP  selectively  blocked 
STAT-dependent  activation  and  had  no  effect  on 
RAR-dependent  activation.  These  data  further 
suggest  that  these  oligopeptides  could  be  useful 
as  selective  agents  for  blocking  specific  signaling 
pathways.  It  needs  to  be  noted  that  not  all  LXXLL 
consensus  sequences  mediate  interaction  with 
nuclear  receptors.  For  example,  within  the  activa¬ 
tion  domain  of  SRC  family  proteins,  at  least  three 
additional  LXXLL  motifs  were  identified  that 
appear  to  not  be  involved  in  protein-protein  inter¬ 
action  with  liganded  receptors. 

Functional  studies  have  demonstrated  that 
SRC-1  enhances  transcriptional  activation  by  sev¬ 
eral  different  receptors.45-53,73-96-130  Transient  trans¬ 
fection  of  the  truncated  SRC-1  lacking  the  N- 
terminal  bHLH-PAS  region  enhances  progester¬ 
one  (R5020)-stimulated  PR-dependent  transcrip¬ 
tion  without  altering  basal  promoter  activity,  but 
has  no  effect  on  activity  of  RU-486  antagonist- 
bound  PR.81  This  result  suggests  that  the  bHLH- 
PAS  domain  is  dispensible  for  coactivation.  SRC-1 
also  enhances  ER,  GR,  TR,  PPAR,  and  RXR 
transcriptional  activities,  but  has  no  effect  on  E2F- 
or  forskolin-stimulated  transcription.25-81-130  Im¬ 
portantly,  SRC-1  can  reverse  the  cross-inhibitory 
effect  of  E2  on  R5020-stimulated  transcription, 
and  C-terminus  receptor-interacting  domain  alone 
can  inhibit  hormone-stimulated  PR  and  TR 
transcriptional  events.81  These  data  suggest  that 
SRC-1  is  perhaps  a  limiting  coactivator  shared  by 
different  nuclear  receptors.  Microinjection  of  anti- 
SRC- 1  IgG  inhibits  transcription  from  RARE, 
ERE,  TRE,  and  PRE-driven  lacZ  reporters  and 
had  no  effect  on  Spl  or  CMV-driven  report¬ 
ers,105  consistent  with  the  results  obtained  with 
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transient  transfections.81  Futhermore,  coinjec¬ 
tion  of  a  wild-type  SRC-1  expression  vector 
could  restore  RA-dependent  transcription  in¬ 
hibited  by  anti-SRC- 1.  These  data  demonstrate 
that  SRC-1  is  required  for  receptor- mediated 
transcriptional  activation. 

B.  GRIP1/TIF2 

After  the  report  of  SRC-1,  a  812-aa  protein 
fragment  known  as  glucorcorticoid  receptor  in¬ 
teracting  protein  1  (GRIP1)  was  cloned  from  a 
mouse  cDNA  library  in  a  yeast  two-hybrid  screen 
using  GR  LBD  as  bait.48  Full-length  GRIP1  cDNA 
was  subsequently  isolated  and  an  open  reading 
frame  of  1462-aa  with  an  estimated  molecular 
mass  of  158.5  kDa  was  predicted.48  Sequence 
comparison  between  full-length  GRIP1  and  SRC- 
1  revealed  that  these  two  proteins  are  highly  re¬ 
lated  and  share  approximately  40%  identity  (Figure 
1).  The  similarity  is  especially  striking  at  the  N- 
terminal  bHLH-PAS  domain  (58%  identity),  sug¬ 
gesting  that  GRIP1  and  SRC-1  belong  to  the  same 
gene  family.  GRIP1  was  shown  to  interact  with 
all  five  steroid  receptors  (GR,  ER,  AR,  MR,  and 
PR)  in  a  hormone  and  AF2-dependent  manner, 
and  the  Gal4  DBD-GRIP1  fusion  was  shown  to 
stimulate  transcription  both  in  yeast  and  in  mam¬ 
malian  cells.47112  The  ability  of  GRIP1  to  interact 
with  liganded  receptors  and  to  stimulate  tran¬ 
scription  supports  its  role  in  receptor  coactivation. 
Indeed,  expression  of  GRIP1  enhances  ligand- 
dependent  transcriptional  activation  by  all  steroid 
receptors,  as  well  as  several  class  II  nuclear  re¬ 
ceptors,  including  VDR,  RAR,  and  TR  in 
yeast.47112  On  the  other  hand,  transient  transfec¬ 
tion  experiments  in  mammalian  cells  suggested 
that  the  812-aa  GRIP1  fragment  inhibited  rather 
than  activated  transcription  from  the  MMTV  and 
CMV  promoter  in  mouse  L  cells  48  The  reason  for 
this  inhibitory  effect  is  unclear. 

TIF2  was  isolated  in  search  of  the  160-kDa 
protein(s)  that  interacts  with  liganded  GST-ER 
and  GST-RAR  fusion  proteins  in  biochemical 
assays.109  By  screening  a  human  bacteriophage 
cDNA  library  with  32P-GST-ER,  TIF2  was  iden¬ 
tified  and  shown  to  encode  a  1461-aa  protein 
with  a  predicted  molecular  weight  of  159  kDa. 


TIF2  is  highly  related  to  GRIP1,  sharing  over 
94%  identity,  indicating  that  GRIP1  and  TIF2 
are  the  mouse  and  human  orthologs.  TIF2,  like 
SRC-1,  was  demonstrated  by  immunodepletion 
studies  to  be  a  major  component  of  the  bio¬ 
chemically  characterized  pl60  proteins.11-39’61  As 
with  GRIP1,  TIF2  interacts  with  several  liganded 
receptors,  including  ER,  RAR,  RXR,  and  TR. 
Furthermore,  point  mutation  within  the  AF2-AD 
core  abolish  the  binding,  supporting  the  idea  that 
GRIP1/TIF2  is  a  common  and  AF2-dependent 
transcriptional  coactivator  for  nuclear  receptors. 
It  was  shown  that  transiently  transfected  full-length 
TIF2  accumulates  in  specific  nuclear  domains. 
Conversely,  a  central  fragment  of  TIF2  (TIF2.1), 
containing  only  the  receptor-interacting  and  tran¬ 
scriptional  activation  domains,  remains  dispersed 
in  the  cytoplasm.  Cotransfection  of  TIF2.1  with 
RAR,  ER,  or  PR  induces  an  agonist-dependent 
translocation  of  the  TIF2.1  fragment  from  the 
cytoplasm  into  the  nucleus  where  they  remain 
dispersed.  These  observations  demonstrate  an  in 
vivo,  physical  interaction  between  TIF2  and  the 
liganded  receptors.  It  is  not  clear  whether  the 
discrete  nuclear  localization  of  TIF2  is  a  natural 
phenomenon  or  an  artificial  condition  due  to 
overexpression.  Related  to  this,  both  transfected 
and  endogenous  SRC-1  protein  localizes  uniformly 
in  the  nucleus,  but  colocalizes  with  p300  at  spe¬ 
cific  nuclear  domains  after  cotransfection.  In  ad¬ 
dition,  TIF2  also  contains  a  strong  autonomous 
transcriptional  activation  function,  and  overex¬ 
pression  of  TIF2  appears  to  relieve,  at  least  par¬ 
tially,  the  squelching  effect  generated  by 
overexpression  of  an  increasing  amount  of  ER.109 
Furthermore,  overexpression  of  TIF2  enhances 
transcriptional  activation  by  ER,  AR,  and  PR  in 
an  agonist-specific  manner,  confirming  the  func¬ 
tion  of  TIF2  as  a  transcriptional  coactivator. 

Recently,  a  mouse  splicing  variant  of  GRIP1 
was  isolated  and  named  NCoA-2.105  NCoA-2 
appears  almost  identical  to  GRIP1,  except  for  two 
obvious  unrelated  gaps.  Therefore,  TIF2,  GRIP1, 
and  NCoA-2  are  the  products  of  a  single  gene.  It 
was  demonstrated  in  immunoinjection  experiments 
that  anti-NCoA-2  IgG  could  not  block  RAR-de- 
pendent  transcriptional  activation.  However, 
coinjection  of  a  NCoA-2  expression  vector  re¬ 
verses  the  inhibition  of  RAR-dependent  transcrip- 
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tion  blocked  by  injection  of  anti-NCoA-1  (SRC- 
1)  IgG.105  These  studies  suggest  that  both  SRC-1 
(NCoA-1)  and  TIF2  (NCoA-2)  are  sufficient  for 
mediating  RAR-transactivation.  Although  these 
studies  suggest  that  NCoA-2  is  less  critical  in 
receptor  activation,  in  transient  transfections  TIF2 
markedly  enhances  transcriptional  activation  by 
nuclear  receptors  compared  to  SRC-1  and  RAC3. 

C.  RAC3/pCIP/ACTR/AIB1 

A  third  member  of  the  SRC  family  has  been 
recently  identified  and  cloned  in  several  laborato¬ 
ries.216'68105  This  protein  is  known  as  receptor- 
associated  coactivator  3  (RAC3),68  p300/CBP/ 
cointegrator  protein  (p/CIP),105  activator  of  retinoid 
receptors  (ACTR),16  and  amplification  in  breast 
cancer  1  (AIB1).2  Like  SRC-1  and  TIF2,  RAC3 
interacts  with  a  number  of  nuclear  receptors  in  an 
AF-2  and  ligand-dependent  manner  and  RAC3  pos¬ 
sesses  intrinsic  transcriptional  activation  function 
in  both  yeast  and  mammalian  cells  68  In  transient 
transfections,  RAC3  potentiates  ligand-dependent 
transcriptional  activation  of  both  RAR  and  PR  in 
mammalian  cells.  Comparison  of  the  central  do¬ 
mains  of  SRC1,  TIF2,  and  RAC3  revealed  seven 
highly  conserved  motifs  with  a  core  consensus 
sequence  of  LXXLL  flanked  by  highly  charged 
residues  (Figure  1).  The  three  N-terminal  motifs 
have  been  demonstrated  to  function  as  critical  re¬ 
gions  for  mediating  protein-protein  interaction  with 
liganded  receptors.43'105  The  other  three  motifs  are 
located  within  the  transcriptional  activation  CBP/ 
p300  interacting  domains.68  105  122  Sequence  com¬ 
parison  among  RAC3,  TIF2,  and  SRC-1  reveals 
that  these  three  genes  are  highly  related  to  each 
other  and  the  conservation  is  especially  striking  at 
the  N-terminal  bHLH-PAS  region.  It  also  appears 
that  RAC3  is  more  related  to  TIF2  (65%  similar¬ 
ity)  than  to  SRC-1  (59%  similarity).  Intriguingly, 
RAC3  contains  a  stretch  of  about  26  consecutive 
glutamine  residues  located  within  the  glutamine- 
rich  domain.  No  such  consecutive  glutamine  resi¬ 
dues  were  found  in  either  SRC-1  or  TIF2.  It  is 
worth  noting  that  a  similar  motif  is  also  present  in 
several  transcription  factors,  including  the  AR, 
where  the  length  of  the  poly-Q  domain  has  been 
implicated  in  the  development  of  prostate  can¬ 


cers.14  The  function  of  this  domain  in  RAC3  is 
currently  unclear. 

p/CIP  was  identified  by  expression  screening 
of  a  bacteriophage  mouse  cDNA  library  using 
32P-labeled  GST-CBP  protein  as  a  probe.105  Im- 
munoprecipitation  of  HeLa  cell  extract  using  anti- 
p/CIP  antibody  pulled  down  more  CBP/p300  than 
using  antibodies  against  SRC-1  or  TIF2,105  sug¬ 
gesting  that  the  vast  majority  of  CBP/p300  are 
associated  with  p/CIP.  Therefore,  p/CIP  was  pur¬ 
ported  to  function  as  a  subunit  in  the  cointegrator 
complex  containing  CBP/p300  and  its  associated 
factor  p/C AF. 121  However,  RAC3/pCIP  is  ex¬ 
pressed  at  higher  levels  in  HeLa  cells  compared 
to  TIF2  and  SRC-1  and  in  vitro  interaction  assays 
demonstrate  that  both  RAC3  and  SRC-1  associate 
well  with  CBP.69a  Thus,  the  proposed  relative 
contribution  of  these  three  coactivators  in  the  in¬ 
tegrator  complex  is  still  unclear.  Furthermore, 
microinjection  of  anti-p/CIP  IgG  directly  demon¬ 
strates  that  blockage  of  p/CIP  function  selectively 
inhibits  transcriptional  activation  by  RAR,  ER, 
TR,  and  PR,  but  not  by  SP-1  or  from  the  cytome¬ 
galovirus  (CMV)  promoter.  This  inhibitory  effect 
could  be  rescued  by  coinjection  of  p/CIP  and 
CBP  expression  vectors,  suggesting  that  CBP/ 
pCIP  are  required  together  for  nuclear  receptor 
activation.  A  core  CBP-interacting  domain  of  p/ 
CIP  completely  inhibits  RA-dependent  gene  acti¬ 
vation.  Immunoinjection  of  anti-p/CIP  IgG  also 
abolished  STAT-dependent  and  TPA-dependent 
transcriptional  activation,  suggesting  that  p/CIP 
is  required  for  transcriptional  activation  by  other 
CBP-dependent  transcription  factors.  On  the  other 
hand,  anti-NCoA-l/SRCl  IgG  does  not  block 
cAMP-  or  IFNy-dependent  reporters  actively, 
whereas  immunoinjection  of  this  antibody  effi¬ 
ciently  inhibits  transcriptional  activation  from 
several  receptors.  This  repression  is  reversed  by 
injecting  expression  vectors  for  either  NCoA-1/ 
SRC-1  or  NCoA-2/TIF2,  but  not  for  p/CIP.  To¬ 
gether,  these  studies  imply  that  NCoA- 1/SRC  1  is 
selectively  required  as  a  coactivator  for  nuclear 
receptors,  whereas  the  CBP/pCIP  complex  plays 
a  more  general  role  in  gene  activation. 

ACTR  was  isolated  in  a  yeast  one-hybrid  screen 
for  h R  A R  [) - s t i nui  1  at o ry  proteins16  and  was  shown 
to  enhance  ligand-dependent  transcriptional  acti¬ 
vation  by  hR ARp  in  yeast.  The  cofactor  is  ex- 
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pressed  in  a  tissue  and  cell  type-specific  manner, 
with  high  levels  of  expression  in  heart,  skeletal 
muscle,  pancreas,  and  placenta  as  well  as  in  certain 
cell  lines.  In  transient  transfections,  overexpression 
of  ACTR  enhances  ligand-dependent  transcriptional 
activation  of  RAR,  TR,  RXR,  and  GR  about  two- 
to  threefold,  similar  to  that  observed  with  RAC3 
and  p/CIP.68  105  The  reason  for  the  low  level  of 
enhancement  in  transient  transfection  by  ACTR, 
p/CIP,  and  RAC3  compared  to  SRC-181  is  un¬ 
clear.  Perhaps  the  stoichiometry  between  the  re¬ 
ceptor  and  individual  coactivators  may  be  critical 
in  controlling  the  actual  level  of  enhancement. 
Similar  to  RAC3  and  p/CIP,  ACTR  interacts  with 
members  of  nuclear  receptors  in  a  ligand-  and 
AF2-dependent  manner.  In  addition,  ACTR  con¬ 
tains  two  independent  receptor-interacting  do¬ 
mains,  and  associates  with  liganded  receptors  on 
DNA  elements.  The  two  interacting  domains  cover 
the  regions  containing  the  LXXLL  motifs,  con¬ 
sistent  with  the  recent  finding  that  these  motifs 
are  critical  and  perhaps  sufficient  for  mediating 
protein-protein  interaction  with  nuclear  recep¬ 
tors.43'105  The  transcriptional  activation  domain  of 
ACTR  was  mapped  to  between  amino  acid  1018 
and  1290,  consistent  with  the  observation  in 
RAC369a  and  p/CIP.105  Like  SRC-1,  this  activa¬ 
tion  domain  interacts  directly  with  CBP/p300, 
suggesting  that  one  mechanism  of  activation  by 
RAC3/ACTR/pCIP  is  to  recruit  CBP/p300.  Fur¬ 
thermore,  ACTR  interacts  with  P/CAF,113  and  both 
function  as  histone  acetyltransferases.  Interest¬ 
ingly,  ACTR,  RAC3,  and  SRC-1  each  possess 
intrinsic  histone  acetyltransferase  activity  that 
maps  to  a  region  overlapping  with  the  CBP/p300- 
interacting  and  transcriptional  activation  do¬ 
mains.16  These  studies  further  strengthen  the 
hypothesis  that  histone  acetylation  is  one  of  the 
mechanisms  of  transcription  stimulation  by  nuclear 
receptor  coactivator  complexes.110 

AIB 1  was  isolated  during  a  search  on  the  long 
arm  of  chromosome  20  for  genes  whose  expres¬ 
sion  and  copy  numbers  alter  in  human  breast 
cancers.2  AIB1  is  amplified  and  overex-pressed 
in  four  out  of  five  ER-positive  breast  and  ovarian 
cancer  cell  lines.  This  gene  is  also  found  ampli¬ 
fied  in  approximately  10%  of  the  primary  breast 
tumors  and  is  overexpressed  in  a  majority  of  the 
primary  breast  tumors  analyzed.  AIB1  protein 


interacts  with  ER  in  a  ligand-dependent  fashion, 
and  transfection  of  AIB  1  enhances  E2-dependent 
transcription.  These  observations  suggest  that  al¬ 
tered  expression  of  AIB1  may  contribute  to  the 
development  of  steroid-dependent  cancers.  Simi¬ 
larly,  both  RAC3  and  ACTR  are  overexpressed  in 
several  human  cancer  cell  lines,  including  Burkitf  s 
lymphoma  Raji  cells  and  colorectal  adenocar¬ 
cinoma  SW480  cells.16  In  Burkitf  s  lymphoma 
cells,  both  RAC3  and  TIF2,  but  not  SRC-1,  ap¬ 
pear  to  be  highly  expressed,  whereas  in  colorectal 
adenocarcinoma,  all  three  coactivators  are  over¬ 
expressed.  The  functional  significance  of  this  al¬ 
tered  expression  remains  to  be  investigated. 

RAC3,  ACTR,  and  AIB1  appear  to  be  en¬ 
coded  by  a  single  human  gene,  with  only  subtle 
amino  acid  changes,  whereas  p/CIP  is  likely  a 
mouse  homologue  of  the  same  gene.  Comparison 
of  p/CIP  and  RAC3  sequences  indicates  they  share 
over  76%  identity  in  aa  sequence  with  three  major 
differences:  (1)  an  unrelated  gap  between  amino 
acids  172  and  197  in  the  N-terminal  bHLH-PAS 
region,  (2)  a  change  in  the  relative  position  of  the 
poly-Q  region,  and  (3)  another  unrelated  sequence 
at  the  C-terminus  103  amino  acids.  However,  the 
nucleotide  sequences  of  these  two  clones  share 
over  80%  identity,  including  the  two  unrelated 
gaps.  A  more  detailed  comparison  between  p/CIP 
and  RAC3  suggests  that  these  two  genes  are  not 
splicing  variants,  but  that  the  major  differences 
are  due  to  reading  frame  change.  We  have  recon¬ 
firmed  the  RAC3  sequence  and  because  all  three 
human  genes  have  almost  identical  sequences,  it 
is  possible  that  the  changes  in  the  reading  frame 
of  p/CIP  might  be  due  to  a  sequencing  error  or 
that  the  human  gene  has  evolved  away  from  the 
mouse  gene  in  these  places.  The  implication  of 
the  change  in  the  relative  position  of  the  poly-Q 
domain  between  the  human  and  mouse  genes  is 
unclear.  It  is  noted  that  this  domain  seems  to  be 
located  at  either  side  of  an  important  functional 
domain  involved  in  transcriptional  activation, 
CBP/p300  interactions,  and  histone  acetyltrans¬ 
ferase  activity.  Therefore,  this  poly-Q  domain  may 
have  a  role  in  regulating  the  functional  specificity 
of  this  domain. 

Overall,  these  studies  suggest  that  malfunc¬ 
tion  of  the  SRC  proteins  may  contribute  to  the 
pathogenesis  of  human  cancers,  especially  for 
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those  regulated  by  hormones.  The  cloning  of  these 
novel  SRC  family  proteins,  the  discoveries  of 
their  enzymatic  activities,  and  the  elucidation  of 
their  binding  partners  have  helped  to  establish  a 
more  complete  signaling  pathway  from  liganded 
receptors  to  chromatin  structure  and  gene  activa¬ 
tion,  regulated  primarily  by  direct  protein-protein 
interactions.  It  is  still  unclear  how  these  three 
coactivators  work.  It  is  also  unclear  whether  they 
modify  the  same  substrate.  Recent  studies  using 
microinjected,  single-stranded  DNA  in  Xenopus 
oocytes  suggest  that  nucleosome  disruption  is  in¬ 
sufficient  for  gene  activation  by  TR,118  indicating 
a  requirement  of  other  components  in  receptor- 
mediated  gene  activation.  Coordinately,  the  re¬ 
lationship  between  the  coactivators  and  basal 
transcriptional  machinery  is  still  elusive,  and  the 
role  of  individual  coactivators  in  different  recep¬ 
tor  signaling  events  remains  unanswered.  Further 
investigation  will  provide  more  insights  into  the 
nature  of  transcriptional  activation  by  nuclear 
receptors  and  the  mechanisms  of  coactivation. 

III.  RECEPTOR-ASSOCIATED 
COREPRESSORS 

In  addition  to  transcriptional  activation,  sev¬ 
eral  nuclear  receptors  can  also  repress  basal  tran¬ 
scription  in  the  absence  of  ligand.22'40119’124 
Importantly,  repression  by  TR,  RAR,  and  their 
mutants  plays  a  critical  role  in  controlling 
oncogenesis  and  cellular  differentiation.23'38'86106 
Overexpression  of  TR  and  RAR  LBDs  block  tran¬ 
scriptional  repression  by  the  wild-type  receptors 
both  in  vivo5’10  and  in  vitro,104  presumably  through 
competing  for  a  limiting  corepressor(s).  Biochemi¬ 
cal  studies  revealed  at  least  two  polypeptides  of 
270  and  170  kDa  that  appear  to  associate  with 
unliganded  TR  and  RAR.50  By  using  the  yeast 
two-hybrid  screening  system,  a  1 68-kDa  protein 
termed  silencing  mediator  for  RAR  and  TR 
(SMRT)  and  a  270-kDa  protein  named  nuclear 
receptor  corepressor  (N-CoR)  were  identified  and 
cloned.17’50  SMRT  and  N-CoR  meet  the  criteria 
for  receptor-associated  corepressors,  including 
physical  interaction  with  transcriptionally  repres¬ 
sive  receptors  and  enhancement  of  transcriptional 
repression  by  the  receptors. 


SMRT  was  originally  identified  and  cloned 
from  a  human  B-cell  cDNA  library  as  a  RXR- 
interacting  protein  in  a  yeast  two-hybrid  screen.17 
Full-length  SMRT  encodes  1495  amino  acids,  and  a 
possible  splicing  variant  of  SMRT  was  identified 
and  cloned  by  using  unliganded  TR  as  bait,  and  was 
termed  T3  receptor-associated  cofactor- 1  (TRAC- 
l).87  TRAC-1  lacks  the  N-terminal  repression  do¬ 
main  of  SMRT  and  thus  acts  like  a  SMRT  truncation 
mutant  (C-SMRT)  that  can  reverse  transcriptional 
repression  by  unliganded  TR  and  RAR.18,87  These 
studies  suggest  that  transcriptional  repression  by 
unliganded  receptors  may  be  regulated  by  combi¬ 
nations  of  positive  and  negative  corepressor  vari¬ 
ants.  N-CoR  was  originally  identified  as  a  TR- 
interacting  protein  in  a  yeast  two-hybrid  screen,50 
which  appears  to  be  a  full-length  version  of  a 
RXR-interacting  protein  named  RIP13.91  The  search 
for  full-length  RIP  13  resulted  in  identification  of  a 
clone  (named  RIP  13a),  which  encodes  a  protein 
similar  in  structure  to  SMRT.92  N-CoR  was  also 
identified  in  a  yeast  two-hybrid  screen  by  using 
Rev-Erb  as  bait.127  Both  SMRT  and  the  human  N- 
CoR  were  also  identified  in  a  yeast  two-hybrid 
screen  for  proteins  that  interact  with  the  acute 
promyelocytic  leukemia  fusion  protein,  PML-RAR 
(Chen  and  Evans,  unpublished  data). 

SMRT  and  N-CoR  are  distinct  from  other 
identified  corepressors  (see  Ref.  54).  Intriguing- 
ly,  these  two  proteins  are  related  (Figure  2),  as 
first  suggested  by  the  sequence  similarity  between 
the  C-terminus  of  SMRT  and  the  polypeptide 
encoded  by  RIP13.17  Comparison  of  SMRT  with 
N-CoR  indicates  that  these  two  proteins  share 
41%  identity  over  the  entire  SMRT  sequence  and 
that  N-CoR  contains  a  unique  N-terminal  exten¬ 
sion  of  about  1000  amino  acids.18  The  similarity 
is  more  apparent  at  the  N-terminal  transcriptional 
repression  domain  and  the  C-terminal  receptor¬ 
interacting  domains,  suggesting  that  SMRT  and 
N-CoR  are  members  of  a  new  family  of  receptor- 
associated  corepressors. 

A.  Evidence  that  SMRT/N-CoR  are 
Transcriptional  Corepressors 

Several  pieces  of  evidence  establish  SMRT 
and  N-CoR  as  receptor-associated  corepressors. 


177 


SMRT  and  N-CoR  interact  efficiently  with 
unliganded  TR  and  RAR  and  dissociate  from  the 
receptors  upon  ligand  binding.17’50  SMRT  and  N- 
CoR  also  interact  with  other  transcriptionally  re¬ 
pressive  receptors,  including  COUP-TF1,93 
Rev-Erb,  RVR,27  127  and  antagonist-bound  ER  and 
PR,52-95  as  well  as  the  oncogene  v-erbA  and  the 
RAR  dominant-negative  mutant  RAR403. 17,87 
Mutations  that  block  transcriptional  repression 
activities  of  the  receptors  also  impair  the  abilities 
to  interact  with  SMRT  and  N-CoR.  Furthermore, 
SMRT  and  N-CoR  contain  strong  transcriptional 
repression  domains,69,79  and  overexpression  of  full- 
length  SMRT  reinstates  transcriptional  repression 
blocked  by  unliganded  RAR  and  TR  LBDs 
whereas  overexpression  of  the  receptor-interact¬ 
ing  domain  of  SMRT  antagonizes  receptor-medi¬ 
ated  repression.  Consistent  with  their  regulatory 
roles  in  transcription,  both  SMRT  and  N-CoR  are 
exclusively  nuclear.18,69,97  Together,  these  studies 


indicate  that  SMRT  and  N-CoR  are  transcrip¬ 
tional  corepressors  for  nuclear  receptors. 

However,  most  of  the  evidence  that  supports 
the  corepressor  function  of  SMRT  and  N-CoR 
are  based  on  chimeric  systems  such  as  Gal4 
DBD  fusions,  which  in  most  cases  is  more  sen¬ 
sitive  for  analysis  of  transcriptional  repression. 
The  effects  of  SMRT  and  N-CoR  on  natural  and 
hormone-regulated  promoters  is  less  clear,  al¬ 
though  attempts  have  been  made  to  address  this 
question.69,89,97,99,128  In  transient  transfections, 
wild-type  SMRT  potentiates  transcriptional  re¬ 
pression  mediated  by  a  Gal4  DBD-TR  fusion 
protein128  as  well  as  from  natural  promoters  or 
response  elements  linked  to  luciferase  reporter.69 
However,  only  about  two-  to  threefold  further 
repression  is  observed,  perhaps  due  to  the  al¬ 
ready  low  level  of  basal  transcription.  Transiently 
transfected  N-CoR  also  potentiates  repression 
mediated  by  Gal4  DBD-TR  fusion  and  RevErb 
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FIGURE  2.  The  SMRT/N-CoR  family  of  receptor-associated  corepressors.  Two  SMRT  repression  domains  (SRD1 
and  SRD2)  are  located  at  the  N-terminal  region.  An  alternate  acidic-basic  domain  (AB)  and  a  serine-glycine  region 
(SG)  are  shown.  Two  independent  receptor  interacting  domains  (RID1 ,  corresponding  to  a  glutamine-rich  [Q]  region; 
and  RID2,  corresponding  to  a  helical  region  [H])  are  also  shown.  The  receptors  that  interact  with  different  regions 
of  the  corepressors  are  shown.  Also,  the  Sin3  interacting  domains  and  HDAC1  interacting  domain  are  indicated. 
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from  a  RevDR2  response  element,  consistent 
with  the  ability  of  N-CoR  to  associate  with 
RevDR2-bound  RevErb.128  Similarly,  transiently 
transfected  N-CoR  was  also  shown  to  enhance 
repression  from  a  DR1  element,  albeit,  only  at  a 
low  concentration  of  transfected  plasmid  DNA. 
At  high  concentrations,  N-CoR  actually  enhances 
reporter  gene  expression,97  possibly  by  titrating 
out  other  components  required  for  transcriptional 
repression,  and  thus  stimulating  basal  promoter 
activity.97  A  similar  effect  was  observed  on  both 
DR1  and  DR5  elements,  despite  the  fact  that 
these  two  DNA  response  elements  affect  N-CoR/ 
receptor  interactions  in  different  ways.61 

Further  evidence  supporting  the  roles  for 
SMRT  and  N-CoR  in  gene  regulation  involves 
the  effects  of  the  corepressors  on  genes  that  are 
suppressed  by  ligands  for  nuclear  receptors.89  99  It 
has  been  known  for  more  than  a  decade  that  thy¬ 
roid  hormone  can  repress,  as  well  as  activate, 
nearly  equal  numbers  of  genes.82  The  best-studied 
examples  include  the  hypothalamic  thyrotropin¬ 
releasing  hormone  (TRH)  and  the  pituitary  thy¬ 
roid-stimulating  hormone  a-  and  P-subunit 
(TSHa  and  TSH(3)  genes,  which  are  subject  to 
feedback  inhibition  by  T3.  The  promoters  of 
these  negatively  regulated  genes  are  sufficient  to 
confer  T3-dependent  repression,  and  overex¬ 
pression  of  TR  was  shown  to  activate  rather  than 
repress  basal  transcription  even  in  the  absence  of 
ligands.15’46  Overexpression  of  SMRT  and  N- 
CoR  stimulates,  rather  than  represses,  basal  pro¬ 
moter  activities  of  these  promoters.99  Further, 
the  DNA-binding  domain  of  TR  is  not  required 
for  this  corepressor-dependent  activation.  There¬ 
fore,  the  corepressor-TR  complex  may  be  re¬ 
cruited  to  local  promoters  via  other  DNA-binding 
proteins.99  If  this  scenario  is  correct,  then  the 
TR-corepressor  complex  would  stimulate,  rather 
than  repress,  transcription  from  such  negative 
promoters.  Because  no  evidence  has  been  pro¬ 
vided  to  support  the  recruitment  of  the  TR-core- 
pressor  complex  to  the  promoters,  this  model 
remains  speculative,  and  response  elements  have 
yet  to  be  identified  in  these  promoters.  It  re¬ 
mains  possible  that  a  TR/corepressor-mediated 
repression  of  an  unknown  transcriptional 
repressor(s)  may  mediate  the  inhibition  of  TRH 
and  TSHs  expression.  Further  studies  will  be 


required  to  better  understand  mechanisms  that 
nuclear  receptors  and  corepressors  utilize  to  en¬ 
hance  transcription  of  genes  that  are  repressed 
by  thyroid  hormone. 

B.  Interaction  Domains  between  SMRT/ 
N-CoR  and  Nuclear  Receptors 

The  hinge  region  of  TR  was  originally  shown 
to  interact  directly  with  a  putative  helical  region 
in  N-CoR,50  while  further  analysis  of  TR  re¬ 
vealed  a  major  contribution  of  the  C-terminal 
region  for  efficient  association  with  SMRT.69 
Nested  deletional  analyses  suggest  that  helix  1 1 
of  the  TR  LBD  plays  an  important  role  in  stabi¬ 
lizing  SMRT  association,  presumably  by  col¬ 
laborating  with  the  N-terminal  helix  1-2  region.69 
The  interaction  of  SMRT  with  either  the  N  termi¬ 
nal  or  C  terminal  portions  of  the  LBD  alone  is 
weak  but  detectable,  suggesting  that  these  two 
interacting  surfaces  may  synergize  with  each  other 
to  promote  protein-protein  interaction  that  en¬ 
sures  appropriate  recruitment  of  the  corepressors. 
Likewise,  two  independent  TR  regions  act  syner- 
gistically  for  interaction  with  N-CoR.27’92,127  It  has 
recently  been  shown  that  a  receptor  dimer  is  re¬ 
quired  for  interaction  with  SMRT  and  N-CoR, 
and  SMRT/N-CoR  may  contribute  differentially 
to  receptor- specific  transcriptional  repression.128 
Furthermore,  an  antagonist  to  transcriptional  ac¬ 
tivation  by  RXR  homodimer  promotes  associa¬ 
tion  with  the  corepressor  SMRT.64  These  studies 
suggest  that  SMRT  and  N-CoR  may  utilize  simi¬ 
lar  but  distinct  mechanisms  for  interaction  with 
nuclear  receptors. 

Two  distinct  subdomains  in  SMRT  are  ca¬ 
pable  of  interacting  independently  with  nuclear 
receptors.  Interestingly,  these  two  receptor¬ 
interacting  domains  interacted  differently  with 
TR  and  RAR.69  The  N-terminal  RID-1  region  of 
SMRT  interacts  better  with  RAR  and  contains  a 
glutamine-rich  domain,  whereas  the  C-terminal 
RID-2  region  interacts  better  with  TR  and  con¬ 
tains  a  putative  helical  domain.  The  differential 
receptor-interacting  properties  of  these  two  do¬ 
mains  suggest  that  SMRT/N-CoR  may  utilize 
distinct  mechanisms  for  binding  to  different  re¬ 
ceptors.  Because  the  RID-2  region  of  N-CoR  has 
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been  shown  to  interact  directly  with  the  “hinge” 
region  of  TR,50  the  N-terminal  RID-1  region 
might  possibly  interact  with  the  C-terminal  re¬ 
gion  of  the  LBD. 

The  ability  of  hormones  to  activate  a  given 
nuclear  receptor  depends  on  the  presence  of  a  C- 
terminal  activation  region  known  as  tc,  x4  or 
AF2-AD,  which  functions  as  a  ligand-dependent 
activation  domain  in  the  context  of  an  intact 
LBD  or  as  an  autonomous  activation  element 
when  fused  with  Gal4  DBD  (for  review,  see 
Refs.  49,83).  Previous  studies  have  shown  that 
this  AF2-AD  helix  is  also  required  to  relieve 
repression  by  corepressor  dissociation,5  presum¬ 
ably  due  to  a  conformational  change  of  this  helix 
before  and  after  hormone  binding.  Indeed,  com¬ 
parison  of  the  X-ray  crystal  structures  of  un- 
liganded  RXR8  with  liganded  TR111  and  RAR85 
strongly  indicate  that  the  AF2-AD  helix  (helix 
12  in  LBD)  may  undergo  a  drastic  positional 
shift  upon  hormone  binding.  Consequently,  de¬ 
letion  of  the  AF2-AD  domain  from  either  TR  or 
RAR  results  in  constitutive  repression,23-24  which 
might  come  from  the  inability  of  truncated  re¬ 
ceptors  to  release  SMRT  and  N-CoR. 17,18,50  Pre¬ 
sumably,  the  ligand-induced  positional  shift  in 
the  AF2-AD  helix  may  mask  the  surface  of  the 
core  LBD  that  is  critical  for  interaction  with 
corepressors.  Alternatively,  the  AF2-AD  may 
induce  a  conformational  change  in  the  LBD  that 
disrupts  corepressor-receptor  interaction. 

Recently,  the  role  of  x4/xc/AF2-AD  in  the 
release  of  repression  and  transcriptional  activa¬ 
tion  was  further  investigated  by  using  the  repres¬ 
sion  core  of  RAR  fused  to  heterologous  activation 
domains.6  A  9-aa  portion  of  the  TRp  AF2-AD  is 
sufficient  to  restore  the  ligand-dependent  activa¬ 
tion  by  the  RAR403  dominant-negative  mutant. 
A  similar  effect  is  observed  by  using  activation 
domains  from  transcription  factors  other  than 
members  of  the  nuclear  receptor  superfamily. 
However,  not  all  activation  domains  tested  in¬ 
duce  ligand-dependent  transactivation  when  fused 
to  RAR403,  suggesting  a  structural  constraint  for 
the  ability  of  ligand  to  regulate  the  activation 
domain  function.  Further,  activation  function  of 
the  TR  AF2-AD  is  not  required  for  ligand-depen¬ 
dent  release  of  repression.  Surprisingly,  dissocia¬ 
tion  of  SMRT  and  N-CoR  is  also  not  required  for 


ligand-dependent  activation  restored  by  the  heter¬ 
ologous  ADs,  as  evidenced  by  both  yeast  two- 
hybrid  assays  and  gel  mobility  shifts.6  Considering 
the  role  of  SMRT  and  N-CoR  on  wild-type  TR 
and  RAR,  these  studies  suggest  that  the  heterolo¬ 
gous  AD  may  inactivate  corepressor  function  and 
that  displacement  of  corepressors  is  a  subsequent 
step  that  is  not  absolutely  required  to  relieve  re¬ 
pression.  It  is  possible  that,  for  wild-type  TR  and 
RAR,  the  inactivation  mechanism  includes  the 
displacement  step  in  order  to  assure  a  complete 
absence  of  repression  function  in  the  activation 
complex.  To  fully  understand  corepressor  disso¬ 
ciation  upon  ligand  binding,  it  will  be  necessary 
to  investigate  the  exact  structural  changes  on  the 
receptor  before  and  after  hormone  binding,  as 
well  as  the  exact  interactions  between  corepres¬ 
sors  and  unliganded  receptors. 

Both  SMRT  and  N-CoR  contain  strong  tran¬ 
scriptional  repression  activity  that  can  be  trans¬ 
ferred  to  a  heterologous  DNA-binding  domain.17,18,50 
Two  independent  repression  domains  initially 
found  at  the  N-terminal  of  N-CoR  are  not  present 
in  SMRT.50  However,  a  strong  repression  activity 
was  found  in  the  N-terminal  981  amino  acids  of 
SMRT.17  Further  mapping  studies  revealed  that 
this  N-terminal  region  of  SMRT  actually  contains 
two  independent  repression  domains  called  SMRT 
repression  domains  (SRD).69,79  Because  both  SRD- 
1  and  SRD-2  are  highly  conserved  with  corre¬ 
sponding  regions  in  N-CoR  sequences  (44  and 
47%  identities,  respectively),  it  was  not  surpris¬ 
ing  that  the  corresponding  regions  in  N-CoR  also 
confer  strong  repression.  In  all,  N-CoR  contains 
four  independent  repression  domains,  termed  N- 
CoR  repression  domain  1-4  (NRD-1  to  NRD-4). 
Some  of  these  repression  domains  can  repress 
basal  transcription  as  efficiently  as  the  full-length 
protein,  suggesting  that  multiple  repression  do¬ 
mains  may  act  redundantly  to  ensure  appropriate 
repression.  Sequence  comparison  of  these  repres¬ 
sion  domains  provides  little  information  regard¬ 
ing  possible  mechanisms  of  repression.  However, 
within  SRD- 1  and  the  corresponding  NRD-3,  four 
potential  repeated  motifs  sharing  a  consensus  se¬ 
quence  of  GSITQGTPA  have  been  identified.92 
In  addition,  two  other  potential  repeats  with  a 
consensus  sequence  of  KGHVFYEG  were  noted. 
These  motifs  are  well  conserved  between  SMRT 
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and  N-CoR,  suggesting  that  they  might  contribute 
to  the  repression  activity  of  this  domain. 

C.  Interactions  between  mSin3 
and  SMRT/N-CoR 

Several  recent  reports  demonstrated  that  SMRT 
and  N-CoR  could  associate  with  a  cellular  com¬ 
plex  containing  mSin3  and  histone  deacetylases, 
suggesting  that  histone  deacetylation  could  be  a 
mechanism  of  transcriptional  repression  medi¬ 
ated  by  SMRT/N-CoR  and  unliganded  recep- 
tors.1’25’42,44'55'63-79,84'116  The  acetylation  state  of  core 
histones  in  the  nucleosome  has  long  been  postu¬ 
lated  to  be  involved  in  transcriptional  regulation 
(see  Refs.  9,117).  Hyperacetylation  of  histones  at 
the  promoter  region  results  in  decondensation  of 
chromatin,  thereby  increasing  the  accessibility  of 
transcription  factors.  This  process  is  correlated 
with  gene  activation  and  is  consistent  with  recent 
findings  that  transcriptional  coactivators  like  CBP/ 
p300  and  their  associated  protein  P/CAF  are  his¬ 
tone  acetyltransferases.121  Conversely,  histone 
deacetylation  is  thought  to  reestablish  a  condensed 
chromatin  structure,  thereby  restricting  access  of 
general  transcription  factors.  In  support  of  this 
hypothesis,  a  yeast  corepressor  RPD3  was  found 
to  act  as  a  histone  deacetylase  and  to  assist  tran¬ 
scriptional  silencing  of  several  yeast  genes.101’108 
Genetic  experiments  further  suggest  that  yRPD3 
acts  in  the  same  pathway  with  the  yeast  transcrip¬ 
tional  repressor  Sin3,  because  both  mutations  lead 
to  derepression  of  the  same  set  of  genes.108  These 
and  other  studies  have  led  to  the  suggestion  that 
certain  DNA-binding  transcriptional  repressors 
interact  with  Sin3,  which  in  turn  recruits  histone 
deacetylases  such  as  RPD3.  The  final  result  of 
these  recruitment  events  is  chemical  modification 
of  histones,  chromatin  condensation,  and  tran¬ 
scriptional  repression.110115 

Two  mammalian  homologs  of  yeast  Sin3 
(mSin3A  and  mSin3B)  were  identified  and  found 
to  function  as  transcriptional  corepressors  for 
Mad/Mxi-mediated  repression.488  In  addition, 
two  mammalian  homologs  of  the  yeast  RPD3 
(called  HDAC1,  formally  HD1,  and  mRPD3) 
were  cloned  and  shown  to  act  as  histone 
deacetylases  and  transcriptional  repressors  when 


fused  to  heterologous  DBD.101’120  mSin3  and 
HDAC  associate  with  each  other  in  a  cellular 
complex  that  can  be  coimmunoprecipitated  by 
specific  anti-N-CoR  antibodies.  Immunoprecipi- 
tation  of  mammalian  whole  cell  extracts  by  anti- 
mSin3A,  mSin3B,  or  mRPD3  revealed  a  cellular 
complex  containing  N-CoR,44  suggesting  that  N- 
CoR  can  associate  with  mSin3  and  RPD3. 
Coimmunoprecipitation  using  purified  N-CoR 
protein  detected  a  direct  interaction  with  mSin3A 
and  mSin3B  but  not  with  mRPD3.  However, 
anti-mSin3A  and  anti-mSin3B  antibodies 
immunprecipitated  mRPD3.  Coordinately,  a  sub¬ 
stantial  histone  deacetylase  activity  was  detected 
in  immunoprecipitate  by  anti-N-CoR  antibodies. 
Together,  these  data  suggest  a  cellular  complex 
containing  N-CoR,  Sin3A  and  B,  and  mRPD3. 
Similarly,  it  was  demonstrated  that  SMRT  can 
associate  with  mSin3A  and  form  a  complex  with 
HDAC1,  suggesting  that  SMRT  is  also  part  of  a 
corepressor  complex  containing  mSin3  and  his¬ 
tone  deacetylases.79  These  studies  suggest  that 
histone  deacetylation  may  be  a  mechanism  of 
transcriptional  repression  by  unliganded  nuclear 
receptors.  They  also  suggest  that  the  corepressor 
complex  is  heterogeneous,  containing  different 
subunits  of  corepressors  (SMRT,  N-CoR,  or  their 
splicing  variants),  co-corepressors  (mSin3A  or 
mSin3B),  and  perhaps  different  histone  deacetyl¬ 
ases  (HDAC1  or  mRPD3). 

A  yeast  two-hybrid  screen  for  mSin3A-PAHl 
domain-interacting  proteins  identified  a  splicing 
variant  of  N-CoR  containing  two  stretches  of  the 
N-CoR  sequence.1  In  vitro  GST  pull-down  assays 
revealed  that  an  N-CoR  fragment  (N-SIDPAH1) 
between  amino  acids  1681  to  1893  within  the 
NRD-4  domain  is  sufficient  for  interaction  with  a 
short  splicing  form  of  mSin3B  (mSin3BSF),  which 
contains  only  PAH1  and  PAH2  domains.1  Simi¬ 
larly,  an  N-CoR  fragment  between  amino  acids 
1829  and  1940  is  sufficient  for  interaction  with 
the  PAH1  region  of  both  mSin3A  and  mSin3B.44 
Together,  these  data  delineated  an  N-CoR  frag¬ 
ment  between  aa  1829  and  1893  that  is  critical 
and  perhaps  sufficient  for  mediating  protein-pro¬ 
tein  interactions  with  the  PAH  1  domain  of  mSin3 A 
and  mSin3B.  This  interacting  surface  defines  the 
first  contacting  point  between  these  two  proteins. 
In  addition,  disruption  of  the  presumed  a-helices 
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A  and/or  B  of  mSin3B  PAH1  domain  by  proline 
substitution  was  shown  to  abolish  interaction  with 
N-CoR,1  suggesting  that  the  interaction  between 
N-SIDPAH1  and  PAH1  domains  may  be  mediated 
through  a  helical  structure. 

Immunoprecipitation  experiments  using  full- 
length  N-CoR  and  the  long  form  of  mSin3B  with 
proline  substitution  within  the  helix  A  of  PAH1 
domain  indicated  the  existence  of  an  additional 
interacting  surface  between  N-CoR  and  mSin3.' 
The  second  N-SID  domain  is  localized  between 
amino  acids  254  and  312  (called  N-SIDPAH3)  and 
appears  to  mediate  interactions  with  PAH3  and 
part  of  the  linker  region  between  PAH3  and  PAH4 
of  both  mSin3A  and  mSin3B.44  N-SIDPAH3  is  lo¬ 
cated  within  the  first  N-CoR  repression  domain 
(NRD-1).  These  studies  are  consistent  with  the 
ability  of  N-SIDPAH1  and  N-SIDPAH3  fragments  to 
repress  basal  transcription,44  suggesting  that  re¬ 
cruitment  of  mSin3A  or  B  may  be  sufficient  for 
transcriptional  repression  by  N-CoR.  On  the  other 
hand,  mutations  that  disrupt  helix  A  of  the  PAH1 
domain  in  mSin3BSF,  which  inhibits  its  interac¬ 
tion  with  N-CoR,  also  attenuate  the  transcrip¬ 
tional  repression  activity  of  mSin3B.'  Together, 
these  data  suggest  that  mSin  and  N-CoR  may 
depend  on  each  other  for  transcriptional  repres¬ 
sion,  and  therefore  may  exist  as  a  corepressor 
complex.  The  interactions  between  mSin3B  and 
N-CoR  have  also  been  demonstrated  in  mamma¬ 
lian  two-hybrid  and  far-Western  analysis.69  The 
interaction  between  N-SIDPAH3  and  PAH3  domain 
therefore  defines  the  second  point  of  contact  that 
brings  these  two  proteins  together.  Intriguingly, 
no  interaction  between  mSin3  and  the  second  or 
third  repression  domains  of  N-CoR  (NRD-2  and 
NRD-3)  could  be  detected.4469  However,  these 
two  domains  also  confer  strong  autonomous  tran¬ 
scriptional  repression  to  Gal4  DBD.44-50-69  These 
results  suggest  additional  mechanisms  of  tran¬ 
scriptional  repression  by  N-CoR  and  that  a  single 
corepressor  may  utilize,  perhaps  simultaneously, 
multiple  mechanisms  for  transcriptional  repres¬ 
sion.  Consistent  with  this,  some  strong  repressors 
do  not  appear  to  interact  with  mSin3  or  histone 
deacetylases.44  Furthermore,  Ssn6/Tupl-mediated 
repression  does  not  require  histone  deacetylation,55 
further  supporting  the  idea  of  multiple  pathways 
leading  to  transcriptional  repression. 


Similarly,  a  direct  interaction  between  mSin3 A 
and  SMRT  has  been  demonstrated  by  both  GST 
pull  downs  and  far- Western  analyses,  as  well  as 
by  the  two-hybrid  assay  in  vivo ,69'79  A  SMRT 
fragment  corresponding  to  SRD-1  was  capable  of 
interaction  with  mSin3A  in  a  GST  pull-down  as¬ 
say,  and  both  SRD-1  and  SRD-2  fragments  are 
capable  of  bringing  down  mSin3A  and  HDAC1 .79 
Further  analysis  indicated  that,  unlike  N-CoR, 
SMRT  was  not  able  to  interact  with  mSin3B  and 
that  all  four  PAH  domains  in  mSin3A  seem  to  be 
required  for  efficient  interaction.  On  a  far-West¬ 
ern  blot,  we  found  that  mSin3A  interacts  most 
efficiently  with  SRD-2  and  the  corresponding 
NRD-4  domains.69  It  is  currently  unclear  whether 
a  similar  double-contact  as  seen  with  N-CoR  and 
mSin3  also  exists  between  SMRT  and  mSin3A. 
That  NRD-4  and  SRD-2  interacted  similarly  with 
mSin3A  in  a  far-Western  blot  suggests  that  these 
two  related  repression  domains  might  interact  with 
the  same  region  of  mSin3. 

D.  Recruitment  of  Histone  Deacetylases 
by  the  Corepressor  Complex 

The  two  mammalian  histone  deacetylases, 
HDAC1101  and  mRPD3,120  have  been  shown  to 
associate  with  mSin3A  and  mSin3B  in  a  cellu¬ 
lar  complex.142-63  These  data  suggest  that  inter¬ 
action  between  SMRT/N-CoR  and  mSin3A/B 
may  result  in  recruitment  of  HDACs.  Indeed,  it 
was  demonstrated  in  a  GST  pull-down  assay 
that  GST-SRD  fusions  were  capable  of  retain¬ 
ing  both  mSin3A  and  HD  AC  1. 79  A  two-hybrid 
interaction  test  in  mammalian  cells  also  sug¬ 
gests  an  interaction  between  VP-SMRT  and  Gal- 
HDAC1  fusions79  and  between  VP-mSin3A  and 
Gal-HDACl.69  However,  several  attempts  to 
detect  direct  interactions  between  N-CoR  and 
mRPD3,  mSin3A/B  and  mRPD3,  or  SMRT  and 
HDAC1  were  unsuccessful,  suggesting  that  the 
recruitment  of  histone  deacetylase  may  require 
additional  intermediate  factors.  Coordinately, 
at  least  five  more  polypeptides  were  found  in  the 
immunoprecipitate  by  anti-mSin3  antibody,42 
suggesting  that  some  of  these  proteins  may 
bridge  the  interaction  between  SMRT/N-CoR/ 
Sin3  and  HDAC. 
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In  vitro  and  in  vivo  data  all  suggest  that  both 
SMRT  and  N-CoR  can  exist  in  a  cellular  complex 
containing  mSin3A/B  and  HDACl/mRPD3.  In¬ 
hibition  of  individual  subunits  of  this  putative 
complex  by  microinjection  of  specific  antibodies 
suggests  that  this  corepressor  complex  plays  an 
essential  role  in  transcriptional  repression  by  both 
unliganded  receptors  and  Mad/Mxi  complex.44 
Therefore,  this  multiprotein  corepressor  complex 
could  be  an  integrated  unit  that  negatively  con¬ 
trols  transcription  by  different  transcriptional  re¬ 
pressors  involved  in  diverse  signaling  processes. 
However,  this  putative  “negative  integrator”  ap¬ 
pears  to  display  functional  specificity  for  certain 
repressors  but  not  for  all.  How  multiple,  different 
transcriptional  repressors  are  also  assisted  by  this 
corepressor  complex  remains  unclear,  as  does  the 
mechanism  of  transcriptional  repression  mediated 
by  the  other  repressors.  Intriguingly,  two  out  of 
the  four  identified  repression  domains  in  N-CoR 
do  not  seem  to  interact  with  mSin3A/B  or 
HD  AC,69105  even  though  these  domains  alone  are 
capable  of  repressing  transcription,  apparently 
through  a  Sin3/HD AC-independent  mechanism. 
These  studies  suggest  that  a  repressor  molecule 
may  be  able  to  target  multiple  repression  path¬ 
ways  simultaneously,  perhaps  to  ensure  appropri¬ 
ate  inhibition  of  target  genes.  In  support  of  this 
idea,  previous  evidence  has  shown  that  direct 
protein-protein  interaction  with  TFIIB  or  TBP 
may  contribute  to  transcriptional  repression  by 
unliganded  TR.3133  Further  studies  will  determine 
whether  these  two  putative  repression  pathways 
both  contribute  to  repression  by  unliganded  re¬ 
ceptors,  and  whether  deacetylation  by  HD  AC  will 
result  in  an  altered  interaction  of  TFIIB/TBP  with 
unliganded  receptors. 

E.  The  Potential  Role  of  SMRT  and  N- 
CoR  in  Human  Disorders 

Mutations  in  members  of  the  nuclear  receptor 
superfamily  frequently  result  in  neoplastic  and 
endocrine  disorders.  One  example  is  the  genetic 
disease  characterized  by  resistance  to  thyroid 
hormone  syndrome  (RTH).  Typically,  RTH  is 
associated  with  TR(3  mutants  that  interfere  with 
the  wild-type  receptor  function  (dominant  nega¬ 


tive  effect).  Characterization  of  these  TR  mutants 
reveals  an  aberrant  association  with  SMRT,  where 
the  corepressor  is  not  dissociated  by  hormone.125 
Two  of  these  mutants  exhibit  approximately  wild- 
type  levels  of  T3  binding,  but  no  ligand-sensitive 
dissociation  of  SMRT  could  be  observed,  sug¬ 
gesting  that  hormone  binding  per  se  is  not  suffi¬ 
cient  for  release  of  SMRT.  Furthermore,  these 
two  mutations  demonstrate  impaired  ligand- 
dependent  transcriptional  activity  and  function  as 
constitutive  repressors,  consistent  with  the  idea 
that  constitutive  association  with  corepressors 
correlates  with  transcriptional  repression.17  These 
studies  suggest  that  altered  protein-protein  inter¬ 
actions  between  RTH  mutants  and  SMRT  con¬ 
tribute  to  this  endocrine  disorder.  However,  a 
correlation  between  the  RTH  phenotype  and  a 
specific  altered  interaction  with  SMRT  has  not 
been  observed.  Because  RTH  is  associated  with 
diverse  phenotypes,  the  aberrant  association  with 
SMRT  may  not  account  for  all  the  observed  physi¬ 
cal  outcomes.  Interactions  with  additional  cofac¬ 
tors,  such  as  N-CoR  or  other  as-yet-to-be  identified 
partners,  may  also  contribute  to  the  hetergenosity 
of  this  endocrine  disorder. 

SMRT/N-CoR  may  also  be  involved  in  hu¬ 
man  acute  promyelocytic  leukemia  (APL),  which 
results  from  RARa  gene  translocation.  These 
translocations  create  RAR  fusion  proteins  that  are 
believed  to  be  responsible  for  the  oncogenic  pheno¬ 
type  of  APL.  Not  surprisingly,  one  of  these  RAR 
fusion  proteins  (PML-RAR)  has  been  shown  to 
interact  with  SMRT87  (Chen  and  Evans,  unpub¬ 
lished  data).  The  association  between  SMRT/N- 
CoR  with  PML-RAR  is  ligand-sensitive,  corre¬ 
lating  with  the  ability  of  RA  to  activate 
PML-RAR  and  to  induce  APL  cell  differentia¬ 
tion.  However,  the  role  of  SMRT  and  N-CoR  in 
the  oncogenic  activity  of  PML-RAR  is  unclear. 
The  interactions  between  two  other  APL  fusion 
proteins  (NPM-RAR  and  PLZF-RAR)  with 
SMRT  or  N-CoR  have  not  been  investigated. 
Because  these  two  APL  cases  do  not  respond  to 
RA  therapy,  their  interactions  with  SMRT/N- 
CoR,  and  the  effect  of  ligand  on  these  interac¬ 
tions,  may  provide  insights  into  the  role  of  core¬ 
pressors  in  APL. 

Finally,  it  was  reported  recently  that  SMRT 
and  N-CoR  can  also  interact  with  steroid  recep- 
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tors,  including  ER,  PR,  and  perhaps  GR.52,95  In 
fact,  a  human  N-CoR  clone  was  identified  and 
three  different  N-CoR  isoforms  were  cloned  us¬ 
ing  PR  as  bait  in  the  presence  of  antiprogestin 
RU-486.  Apparent  interactions  between  hN-CoR 
and  RU486-bound  PR  or  Tamoxifen-occupied 
ER  were  observed  in  the  yeast  two-hybrid  sys¬ 
tem.  These  interactions  were  observed  only  when 
receptors  were  bound  to  type-II  antagonists,  and 
not  to  type-I  antagonists  (pure  antagonist)  such 
as  ZK98299  for  PR  and  ICI 16348  for  ER.  The 
interactions  were  also  observed  in  vitro  by  GST 
pull  downs  where  GST-ER  interacts  with  full- 
length  SMRT  in  a  ligand-insensitive  manner;95 
(Chen,  unpublished  data).  In  transient  transfec¬ 
tions,  both  SMRT  and  N-CoR  inhibit  the  partial 
agonist  activity  of  type-II  antagonists  like  RU- 
486  on  ER,  PR,  and  GR,  but  have  little  effect  on 
basal  or  agonist-stimulated  transcription.52  In 
contrast,  the  partial  agonist  activity  of  type-II 
antagonists  could  be  further  enhanced  by 
overexpression  of  the  coactivators  SRC1  or  L7 / 
SPA  (switch  protein  for  antagonist).  Further¬ 
more,  this  coactivator-enhanced  activity  could 
be  suppressed  or  compromised  by  corepres¬ 
sors, 52>95  suggesting  that  the  ratio  of  corepressors 
to  coactivators  is  an  important  factor  that  con¬ 
trols  the  activity  of  type-II  antagonists.  This  prop¬ 
erty  of  corepressors  and  coactivators  may  have 
important  clinical  implications  in  therapeutic 
applications  of  these  antihormones,  whose  un¬ 
desired  agonistic  effects  often  diminish  their 
clinical  benefits. 


IV.  CONCLUSIONS 

Many  important  developmental  and  physi¬ 
ological  processes  are  mediated  through  the  ac¬ 
tions  of  steroid  and  thyroid  hormones  that  bind  to 
their  respective  nuclear  receptors  that  regulate 
specific  sets  of  gene  expression.  The  identifica¬ 
tion  and  cloning  of  coregulatory  molecules  for 
nuclear  receptors  has  provided  additional  layers 
of  complexity  and  excitement,  not  only  in  under¬ 
standing  the  exact  mechanisms  of  hormone  ac¬ 
tion,  but  also  potentially  in  gaining  control  over 
physiological  and  phenotypic  responses  associ¬ 
ated  with  hormones.  The  current  flood  of  publica¬ 


tions  in  this  field  has  made  it  impossible  to  cover 
all  aspects  of  these  coregulatory  molecules.  We 
have  presented  our  discussion  mainly  in  the  ac¬ 
tion  of  three  related  nuclear  receptor  coactivators 
and  two  related  nuclear  receptor  corepressors.  The 
current  evidence  strongly  indicates  that  SMRT/ 
N-CoR  regulate  repression  of  receptor  target  genes 
in  the  absence  of  hormone,  and  upon  hormone 
treatment,  the  SRC  coactivators  replaces  the  core¬ 
pressors  and  regulate  activation  of  the  target  genes 
(Figure  3).  Many  detailed  studies  are  still  needed 
to  further  understand  the  physiological  signifi¬ 
cance  of  the  actions  of  these  coactivators  and 
corepressors.  For  example,  the  properties  of  full- 
length  coactivators  and  corepressors  have  not  been 
fully  investigated.  Such  studies  will  be  critical  for 
understanding  the  role  of  these  cofactors  in  vivo. 
It  is  important  to  note  that  endogenous,  full-length 
N-CoR  remains  tightly  associated  with  the 
liganded  receptors.25-50’61  However,  if  a  large  per¬ 
centage  of  the  recombinant  receptors  did  not  bind 
ligand  or  failed  to  undergo  appropriate  conforma¬ 
tional  change  after  ligand  binding,  a  high  back¬ 
ground  of  ligand-independent  interactions  between 
N-CoR  and  the  receptor  is  likely  to  mask  ligand- 
sensitive  interactions  in  this  assay.  Consistent  with 
this  speculation,  recent  studies  show  that  prokary¬ 
otes  lack  an  efficient  cotranslation  folding  capac¬ 
ity,  but  most  of  the  protein  translated  in  reticulocyte 
lysates  folds  properly.80 

To  add  an  additional  twist  of  complexity, 
liganded  RAR  is  capable  of  interacting  simulta¬ 
neously  with  both  coactivator  and  corepressor  in 
vitro?1  Possibly,  the  repressive  activity  of  SMRT/ 
N-CoR  is  dominant  over  activation  by  SRC  when 
both  are  recruited  to  a  DR1  element  by  the  RAR/ 
RXR  heterodimer.25  Intriguingly,  several  RAR 
chimeras  containing  a  heterologous  activation 
domain  can  retain  SMRT  and  yet  still  permit 
ligand-dependent  transcriptional  activation.6  The 
ability  of  RAR- AD  chimeras  to  activate  transcrip¬ 
tion  and  to  retain  SMRT  suggests  that  either  ac¬ 
tivation  is  dominant  over  repression,  or  that  ligand 
binding  may  inactivate  the  corepressor  first,  leav¬ 
ing  release  of  corepressor  as  a  subsequent  step.6  It 
is  also  unclear  whether  more  members  of  the 
corepressor  and  coactivator  family  exist.  The  fact 
that  a  single  receptor  can  interact  with  multiple 
cofactors  (positive  or  negative)  and  that  a  cofac- 
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FIGURE  3.  Model  of  the  mechanisms  of  coactivation  and  corepression  in  receptor  signaling.  In  the  absence  of 
hormone,  DNA-bound  unliganded  receptors  recruit  SMRT/N-CoR  corepressors  that  target  mSin3  and  histone 
deacetylases  (HDAC)  to  catalyze  the  removal  of  acetyl  group  from  histones,  leading  to  the  generation  of  a 
condensed  and  repressed  chromatin  structure.  Hormone  binding  induces  conformational  changes  of  both  receptors 
that  release  corepressors  and  recruit  a  coactivator  complex  containing  SRC/RAC  family  proteins  and  CBP/p300  as 
well  as  p300/CBP-associated  factor  p/CAF.  This  coactivator  complex  catalyzes  the  acetylation  of  histone,  which 
disrupts  nucleosome  array,  leading  to  an  open  and  active  chromatin  structure. 


tor  can  interact  with  multiple  receptors  compli¬ 
cate  the  investigation  on  the  physiological  role  of 
these  cofactors.  Are  these  families  of  coactivators 
and  corepressors  functionally  redundant  and  per¬ 
haps  interchangeable  in  vivol  Differences  in  the 
function  of  these  two  corepressors  have  been 
found.  For  example,  N-CoR  but  not  SMRT  was 
found  to  interact  with  Rev-Erb  on  DNA;  thus, 
presumably,  N-CoR  plays  a  more  important  role 
in  mediating  silencing  by  Rev-Erb  than  SMRT.128 
Nonetheless,  current  evidence  suggests  that  both 
N-CoR  and  SMRT  are  silencing  mediators  for 
both  TR  and  RAR,  and  therefore  a  certain  overlap 
of  biological  functions  should  be  expected. 

Despite  these  questions  regarding  the  bio¬ 
logical  function  of  the  coactivators  and  core¬ 
pressors,  the  mechanisms  through  which  these 
cofactors  control  transcription  have  been  explored 
recently.  One  mechanism  that  SMRT  and  N- 
CoR  utilize  to  repress  transcription  is  linked  to 
histone  deacetylation.  On  the  other  hand,  the 
SRC  coactivators  recruit  additional  coactivators 
and  histone  acetyltransferases.  These  new  play¬ 
ers  apparently  provide  a  direct  connection  be¬ 
tween  the  action  of  nuclear  receptors  and  modi¬ 


fication  of  chromatin  structure.  Therefore,  the 
mechanisms  of  transcriptional  regulation  by 
nuclear  receptors  appear  to  circle  around  chro¬ 
matin  structure.  Perhaps  the  DNA-bound  recep¬ 
tors  can  conduct  both  repression  and  activation 
without  leaving  the  promoter.  However,  many 
studies  suggest  histone  acetylation  and  deacetyla¬ 
tion  are  not  the  only  stories  about  repression  and 
activation.103’1 18  Apparently,  additional  studies  are 
required  for  further  understanding  the  mechanisms 
of  transcriptional  repression  and  activation.  Nev¬ 
ertheless,  these  recent  studies  not  only  open  a  new 
door  for  investigating  the  exact  mechanisms  of 
transcriptional  regulation  by  nuclear  receptors, 
but  also  provide  an  excellent  opportunity  for  de¬ 
veloping  new  therapeutic  strategies  that  may  con¬ 
tribute  to  the  treatment  of  human  diseases. 
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In  higher  eukaryotes,  steroids/thyroid  hormones  and  many  lipo¬ 
philic  compounds  regulate  cellular  physiology  through  binding  to 
the  steroid/nuclear  receptor  proteins.  Steroid/nuclear  receptors  are 
ligand-dependent  transcriptional  activators  that  can  stimulate 
gene  expression.  This  transcriptional  activation  plays  a  pivotal  role 
in  hormone-regulated  physiological  and  pharmacological  responses. 
In  recent  years,  several  steroid/nuclear  receptor  cofactors  have 
been  identified  and  found  to  interact  with  the  receptor  and  modulate 
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its  transcriptional  activity.  Among  these  cofactors,  a  family  of  three 
coactivators  has  been  the  focus  of  recent  intense  studies.  Although 
gaps  remain,  progress  has  been  made  in  understanding  how  a  given 
coactivator  interacts  with  the  receptor  and  promotes  transcriptional 
activation.  We  are  beginning  to  understand  coactivator  action;  for 
instance,  several  investigators  have  established  the  molecular  basis 
of  antagonism  by  anti-hormones  and  the  connection  of  coactivators 

With  human  Cancers.  O  2000  Academic  Pres*. 


I.  Introduction 

Lipophilic  steroids,  including  estrogen,  progesterone,  androgens,  glu¬ 
cocorticoid  and  minerocorticoid,  thyroid  hormones,  retinoids,  vitamin 
D3,  and  peroxisome  proliferators  regulate  diverse  biological  activities 
including  cell  proliferation,  differentiation,  development,  and  home¬ 
ostasis.  The  activities  of  these  compounds  are  thought  to  be  mediated 
by  members  of  the  steroid/nuclear  receptor  superfamily,  most  of  which 
are  ligand-regulated  transcriptional  activators  (Mangelsdorf  etal.,  1995; 
Mangelsdorf  and  Evans,  1995;  Kastner  et  al.,  1995;  Thummel,  1995; 
Beato  et  al.,  1995).  A  distinct  domain  structure,  including  an  N-termi- 
nal  DNA-binding  domain  (DBD)  and  a  C-terminal  ligand-binding  do¬ 
main  (LBD)  characterizes  the  steroid/nuclear  receptors.  The  DBD 
binds  to  specific  DNA  sequences  located  within  promoter  regions  of  tar¬ 
get  genes.  The  LBD  binds  to  specific  ligand,  which  in  turn  controls  the 
receptor’s  transcriptional  activity  by  triggering  conformational  changes 
in  the  receptors  that  affect  protein-protein  interaction  and  transcrip¬ 
tional  activation.  Thus,  lipophilic  nuclear  hormones  display  diverse  bi¬ 
ological  effects  owing  to  transcriptional  activity  driven  by  steroid/nu¬ 
clear  receptors. 

The  steroid/nuclear  receptor  assumes  both  active  and  inactive  con¬ 
formations  depending  on  ligand  binding  to  the  receptor’s  LBD.  The 
LBD  mediates  not  only  ligand-binding,  but  also  protein-protein  inter¬ 
action,  transcriptional  activation,  and  transcriptional  repression.  Lo¬ 
cated  near  the  C  terminus  of  the  receptor,  the  conserved  AF-2  helix  do¬ 
main  (also  known  as  AF2-AD,  tC,  or  t4)  plays  a  crucial  role  in  regulating 
ligand-dependent  transcriptional  activity  Several  lines  of  investigation 
have  helped  elucidate  receptor-driven  transcriptional  activation  (Beato 
et  al.,  1995).  Notably,  squelching  effects  between  different  receptors 
provide  evidence  that  cofactors  regulate  receptor-mediated  transcrip¬ 
tional  activity  (Meyer  et  al.,  1989;  Barettino  et  al.,  1994).  The  identifi¬ 
cation  of  receptor-associated  proteins  involves  both  genetic  and  bio- 
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chemical  approaches  such  as  the  yeast  two-hybrid  screen  and  far-West- 
em-based  expression  screening  (Seol  et  al.,  1995;  Cavaillfcs  et  al.,  1994; 
Halachmi  et  al.,  1994;  Kurokawa  et  al.,  1995;  Eggert  cf  al.,  1995;  Chen 
and  Evans,  1995;  Horlein  et  al.,  1995). 

The  two  important  classes  of  steroid/nuclear  receptor  cofactors  are 
the  transcriptional  corepressors  and  coactivators.  Corepressors  inter¬ 
act  with  unliganded  repressive  receptors  to  inhibit  target  gene  expres¬ 
sion.  The  silencing  mediator  for  retinoid  and  thyroid  hormone  receptors 
(SMRT)  and  the  nuclear  receptor  corepressor  (N-CoR)  are  examples  of 
the  corepressors  (Chen  and  Evans,  1995;  Horlein  et  al.,  1995).  In  con¬ 
trast,  coactivators  interact  with  liganded  active  receptors  to  enhance 
transcriptional  activation.  Many  potential  coactivators  have  been  iden¬ 
tified  (Horwitz  et  al.,  1996;  Glass  et  al.,  1997;  Chen  and  Li,  1998),  in¬ 
cluding  transcriptional  intermediate  factor  1  (TIF1)  (Le  Douarin  et  al., 
1995),  receptor  interacting  protein  140  (RIP140)  (Cavaillfes  et  al.,  1995), 
androgen  receptor  activator  70  (ARA70)  (Yeh  and  Chang,  1996),  and 
steroid  receptor  coactivators  (SRCs)  (Onate  et  al.,  1995;  Takeshita  et  al., 
1996;  Zhu  et  al.,  1996;  Li  et  al.,  1997;  Anzick  et  al.,  1997;  Yao  etal.,  1996; 
Chen  et  al.,  1997;  Kamei  et  al.,  1996;  Tbrchia  et  al.,  1997).  In  addition, 
the  general  transcriptional  coactivators  SWI/SNF  (Chiba  et  al.,  1994; 
Khavari  etal.,  1993;  Muchardt  and  Yaniv,  1993)  and  CREB/ElA-bind- 
ing  protein  (CBP/p300)  (Arany  et  al.,  1994;  Chrivia  etal.,  1993;  Kwon 
et  al.,  1994)  stimulate  transcriptional  activation  by  steroid/nuclear  re¬ 
ceptors.  The  role  of  ligand  is  to  induce  corepressor  dissociation  and  coac¬ 
tivator  recruitment.  Such  exchange  of  corepressors  and  coactivators  on 
DNA-bound  receptors  is  thought  to  underscore  the  mechanism  of  lig¬ 
and-dependent  transcriptional  activation  (Fig.  1). 

Among  the  steroid/nuclear  receptor  coactivators,  the  SRC  family 
has  been  the  focus  of  recent  intense  studies.  Compelling  evidence  sug¬ 
gests  that  SRC  coactivators  regulate  the  transcriptional  activity  of 
many  steroid/nuclear  hormone  receptors.  Extenmjje^investigations 
have  detailed  SRC-receptor  interactions  at  the  qjanrrc  level  and  de¬ 
scribed  the  mode  of  SRC-regulated  transcription.  Inactivation  of  one 
SRC  coactivator  in  murine  demonstrated  that  this  coactivator  is  re¬ 
quired  for  maximal  hormone  responses.  In  addition,  another  SRC 
coactivator  is  amplified  in  breast,  ovarian,  and  pancreatic  cancers, 
suggesting  an  important  role  for  these  coregulators  in  cell  growth  and 
differentiation.  Understanding  SRC  coactivators  will  provide  a  model 
system  and  install  new  insights  for  therapeutic  intervention  of  hor¬ 
mone-related  human  diseases.  This  chapter  is  intended  to  summarize 
recent  findings  about  the  function  and  mechanism  of  action  of  the  SRC 
coactivators. 
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Fig.  1.  Model  of  transcriptional  regulation  by  steroid/nuclear  hormone  receptors.  In 
the  absence  of  hormone,  DNA-bound  unliganded  receptors  recruit  nuclear  receptor  core¬ 
pressors  such  as  SMRT/NCoR,  which  target  mSin3  and  histone  deacetylases  (HDAC)  to 
catalyze  the  removal  of  acetyl  group  from  histones,  leading  to  chromatin  condensation 
and  transcriptional  repression.  Hormone  binding  induces  conformational  changes  of  the 
receptors,  resulting  in  the  dissociation  of  corepressors  and  recruitment  of  coactivators, 
which  catalyze  acetylation  of  histones,  leading  to  opening  of  chromatin  and  transcrip¬ 
tional  activation. 


II.  Identification  of  SRC  Coactivators 


A.  SRC-1 

Steroid  receptor  coactivator  1  (SRC-1),  the  first  member  of  the  SRC 
family,  was  isolated  in  a  yeast  two-hybrid  screen  using  PRg-LBD  as  bait 
(Onate  et  aL,  1995).  A  C-terminal  197-amino-acid  (aa)  fragment  of  hu¬ 
man  SRC-1  was  identified  that  interacts  with  PR  in  an  agonist-depen- 
dent  manner  (Onate  et  aL,  1995).  Later  work  identified  several  isoforms 
of  SRC-1  from  both  human  and  mouse  libraries  as  TR,  PPAR,  or  CBP/ 
p300  interacting  protein  (Takeshita  et  aL,  1996;  Kalkhoven  et  aL,  1998; 
Zhu  et  aL,  1996;  Kamei  et  aL,  1996;  Yao  et  aL,  1996).  RT-PCR  analysis 
confirms  two  SRC-1  isoforms,  SRC-la  and  SRC-le  (Kalkhoven  et  aL, 
1998).  SRC-le  differs  from  SRC-la  at  the  C  termini;  the  1441-aa-long 
SRC-la  contains  56  unique  residues  and  lacks  the  most  C-terminal  14 
amino  acids  present  in  SRC-le  (1399-aa)  (Kalkhoven  et  aL,  1998),  sug¬ 
gesting  a  potential  functional  difference  between  these  two  isoforms. 
For  simplicity,  the  full-length  SRC-la  will  be  referred  to  as  SRC-1  un¬ 
less  specified  otherwise. 

B.  SRC-2  and  SRC-3 

Following  the  identification  of  SRC-1,  glucocorticoid  receptor  inter¬ 
acting  protein  1  (GRIP1)  was  isolated  in  yeast  two-hybrid  screen  (Hong 
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et  al.,  1996, 1997).  At  about  the  same  time,  transcriptional  intermedi¬ 
ate  factor  2  (TIF2)  was  identified  as  a  160-kDa  human  protein  that  in¬ 
teracts  with,  liganded  ER  and  RAR  in  a  far-Westem-based  assay  (Voegel 
et  al.,  1996).  Human  TIF2  contains  1464  amino  acids  that  are  quite  sim¬ 
ilar  to  the  mouse  GRIP1  (over  94%  identity),  suggesting  that  TIF2  and 
GRIP1  are  the  mouse  and  human  orthologs.  In  addition,  NCoA-2  was 
reported  as  a  mouse  variant  of  GRIP1  (Tbrchia  et  al.,  1997).  The  1463- 
aa-long  NCoA-2  is  nearly  identical  to  GRIP1,  except  for  several  single 
amino  acid  substitutions  and  two  unrelated  gaps  at  residues  251-320 
and  959-982  of  GRIP1.  In  addition,  a  rat  homolog  of  TIF2  was  recent¬ 
ly  identified  as  a  PPARa-interacting  protein  in  a  yeast  two-hybrid 
screen  (Leers  et  al.,  1998).  Sequence  comparison  between  GRIP1/TIF2/ 
NCoA-2  and  SRC-1  reveals  high  similarity  (Fig.  2),  especially  in  the 
N-terminal  domain,  which  is  related  to  the  bHLH  (basic-helix-loop-he- 
lix)-PAS  (Per-Amt-Sim)  domains  in  many  transcriptional  regulators 
(Swanson  et  al.,  1995;  Lindebro  et  al.,  1995;  Zelzer  et  al.,  1997).  While 
bHLH-PAS  is  the  most  conserved  domain  among  the  SRC  family  mem¬ 
bers,  its  function  remains  undetermined  in  this  coactivator  family.  Be¬ 
cause  GRIPl/TIF2/NCoA-2  is  an  SRC-l-related  gene,  it  will  be  referred 
to  as  SRC-2  unless  specified  otherwise. 

The  SRC  family  was  established  when  p/CIP,  RAC3,  ACTR,  AIB1, 
TRAM-1,  and  SRC-3  were  cloned  and  found  as  the  third  member  of  the 
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Fig.  2.  Schematic  representation  of  the  structural  domains  of  SRC  family  proteins.  The 
N-terminal  region  contains  highly  conserved  bHLH,  PAS  A  and  B  domains.  The  central 
regions  contain  six  LXXLL  motifs  (i  to  vi).  SRC-1  contains  an  additional  LXXLL  motif  at 
its  C  terminus.  In  addition,  the  C-terminal  region  contains  a  glutamine-rich  domain, 
where  consecutive  glutamine  track  is  present  in  RAC3  but  not  in  T1F2  or  SRC-1.  SRC-1 
is  also  known  as  NCoA-1  or  NRC-1.  TIF2  is  also  known  as  GRIP1  and  NCoA-2.  RAC3  is 
also  known  as  p/CEP,  ACTR,  AIB1,  SRC-3,  and  TRAM-1.  The  regions  encoded  by  the  orig¬ 
inal  clones  RAC3.1,  TIF2.1,  GRIPl,  and  SRC-K.8)  are  as  indicated  with  arrows. 
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family  (Torchia  et  al.,  1997;  Chen  et  al.,  1997;  Anzick  et  al.,  1997;  Li  et 
al.,  1997;  Takeshita  et  al.,  1997;  Suen  et  al.,  1998).  p/CIP  was  identified 
as  a  CBP-interacting  protein  (Torchia  et  al.,  1997).  RAC3  was  found  as 
an  RAR-interacting  protein  (Li  et  al.,  1997).  ACTR  was  identified  as  an 
hRARp-stimulatory  protein  (Chen  et  al.,  1997).  AIB1  was  isolated  as  a 
gene  amplified  from  the  long  arm  of  chromosome  20  (Anzick  et  al., 
1997).  TRAM-1  was  isolated  as  a  TR-interacting  protein  (Takeshita 
et  al.,  1997),  while  SRC-3  was  reported  as  an  ER-interacting  protein 
(Suen  et  al.,  1998).  Since  p/CIP/RAC3/ACTR/AIBl/TRAM-l/SRC-3  is 
highly  related  to  SRC-1  and  SRC-2,  it  will  be  referred  to  as  SRC-3  un¬ 
less  otherwise  specified.  SRC-3  shared  about  46%  identity  with  SRC-2, 
and  about  36%  identity  with  SRC-1.  Recently,  SRC-3  was  also  identi¬ 
fied  in  Xenopus  as  an  RXR-interacting  protein  (Kim  et  al.,  1998).  The 
xSRC-3  shares  72%  identity  with  SRC-3,  45%  with  SRC-2,  and  38% 
with  SRC-1,  suggesting  that  xSRC-3  may  be  the  homolog  of  human 
SRC-3.  Analyses  of  the  chromosomal  locations  of  the  three  SRC  coacti¬ 
vator  genes  mapped  AIB1  to  chromosome  20ql2,  a  region  amplified  in 
breast  cancer  (Anzick  et  al.,  1997).  The  SRC-1  gene  was  mapped  to  chro- 


TABLE  I 

Synonym  of  SRC  Coactivators 

Species 

Genbank 

References 

SRC-1 

SRC-1 

Human 

U90661/U40396 

Onate  et  al,  (1995) 

F-SRC-1 

Human 

U59302 

Takeshita  et  al.  (1996) 

hSRC-la 

Human 

AJ000881 

Kalkhoven  et  al.  (1998) 

SRC-le 

Human 

AJ000882 

Kalkhoven  et  al.  (1998) 

mSRC-1 

Mouse 

U64828 

Yao  et  aL  (1996) 

mSRC-la 

Mouse 

U56920 

Kamei  et  al.  (1996) 

mNRC-1 

Mouse 

U64606 

Zhu  et  al.  (1996) 

SRC-2 

TIF2 

Human 

X97674 

Voegel  et  al  (1996) 

rTIF2 

Rat 

AF000582 

Leers  et  aL  (1998) 

GRIP1 

Mouse 

U39060 

Hong  et  at.  (1997) 

NCoA-2 

Mouse 

AF000582 

Kamei  et  al.  (1996) 

SRC-3 

RAC3 

Human 

AF010227 

Li  et  al.  (1997) 

SRC-3 

Human 

Suen  et  aL  (1998) 

AIB1 

Human 

AF012108 

Anzick  et  al.  (1997) 

ACTR 

Human 

AF036892 

Chen  et  aL  (1997) 

TRAM-1 

Human 

AF016031 

Takeshita  et  al.  (1997) 

p/CIP 

Mouse 

AF000581 

Tbrchia  et  aL  (1997) 

xSRC-3 

Xenopus 

AF044080 

KhnetaL  (1998) 

AD6683 .  391-448  8/31/99  1:55  PM  Page  397 


STEROID/NUCLEAR  RECEPTOR  COACTIVATORS  397 

mosome  band  2p23  and  TIF2  was  mapped  to  8q21.1  (Kalkhoven  et  al., 
1998),  where  no  amplification  in  breast  cancer  was  found.  Table  I  lists 
SRC  coactivators  synonyms. 


(Vftc3 


C.  Structural  Domains  of  SRC  Coactivators 

Each  SRC  coactivator  contains  an  N-terminal  bHLH  domain  found 
in  many  transcriptional  regulators  (Fig.  3).  The  bHLH  domain  can  act 
as  a  DNA-binding  and/or  dimerization  interface  in  several  transcrip¬ 
tion  factors  (Murre  et  al.,  1989a,b).  Immediately  adjacent  to  the  bHLH 
motif  is  a  region  similar  to  the  PAS  domain  found  in  Period  (Per),  Aryl 
hydrocarbon  receptor  (AhR),  the  AhR  nuclear  translocator  protein 
(Amt),  and  single-minded  (Sim).  The  PAS  domain  is  present  in  a  class 
of  proteins  involved  in  regulation  of  Drosophila  development  and  cel¬ 
lular  signaling  induced  by  hypoxia  and  dioxin  treatment.  Interesting¬ 
ly,  the  bHLH-PAS  domain  is  the  most  conserved  region  within  the  SRC 
coactivators,  indicating  the  SRC  coactivators  belong  to  a  large  family  of 
bHLH-PAS-containing  proteins.  The  PAS  domains  in  AhR,  Amt,  and 
Sim  play  important  roles  in  protein-protein  interaction,  heterodimer- 
ic  partner  selection,  and  target  gene  specificity  (Swanson  et  al.,  1995; 
Lindebro  et  al.,  1995;  Zelzer  et  al.,  1997).  Although  the  function  of  the 
bHLH-PAS  domain  in  SRC  coactivators  remains  unknown,  this  region 
could  possibly  mediate  intra-  or  intermolecular  interaction. 

Apart  from  SRC-1  and  SRC-2,  the  structure  of  SRC-3  is  unique  in 
that  if  fnr> tains  rrmspnntjye  p ol v- glutamines! poly- )  tracks  that  result 
from  expansion  of  CAG  r ep e at s .  Importantly,  expansion  of  poly-Q  track 
is  associated  with  several  human  diseases  (Koshv  and  Zoghbi,  1997; 
Reddy  and  Housman,  1997;  Butler  et  al.,  1998).  In  SRC-3,  two  poly-Q 
tracks  are  found  at  both  ends  of  the  glutamine-rich  domain.  At  the  C- 
terminal  location,  three  of  the  five  cloned  human  SRC-3  alleles  contain 
26  consecutive  glutamines,  while  two  of  them  contain  29  consecutive 
residues.  Consistently,  polymerase  chain  reaction  products  of  the  SRC- 
3  CAG  repeats  at  this  location  revealed  size  polymorphism  (Shirazi  et 
al.,  1998).  Interestingly,  Xenopus  SRC-3  contains  only  four  consecutive 
glutamines  at  this  position.  Likewise,  the  mouse  SRC-3  (p/CIP)  con¬ 
tains  no  significant  pnly^Q  track  at  this  site.  The  corresponding  region 
of  SRC-2  contains  three  and  four  consecutive  glutamines  in  the  mouse 
and  human  SRC-2,  respectively,  while  no  obvious  glutamine  repeats  are 
present  in  SRC-1  at  this  location.  The  second  polv-Q  track  is  more  evi¬ 
dent  within  the  mouse  SRC-3  (p/CtP).  which  contains  a  track  of  23  con- 
secutive  glutamines  at  a  position  around  residue  1000  near  the  N-ter¬ 
minal  end  of  the  glutamine-rich  domain.  This  location  contains  five 
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consecutive  glutamines  in  all  five  human  SRC-3  proteins  and  four  glu¬ 
tamines  in  the  Xenopus  protein.  Conceivably,  the  relative  length  and 
position  of  these  poly-Q  tracks  may  distinguish  functional  differences 
among  SRC  coactivator  members  and  alleles. 


III.  Interaction  with  Nuclear  Receptors 


A.  Ligand-Dependent  Interaction 

Implication  of  SRCs  as  transcriptional  coactivators  for  steroid/nu¬ 
clear  receptors  first  came  from  the  observation  that  an  SRC  interacts 
with  a  receptor  in  a  ligand-dependent  manner,  suggesting  a  role  in 
transcriptional  activation  for  the  SRC.  Ligand-dependent  interactions 
of  SRCs  with  steroid/nuclear  receptors  have  been  demonstrated  with 
multiple  assay  systems.  Using  the  yeast  two-hybrid  assay,  all  three 
SRC  coactivators  have  been  shown  to  interact  with  multiple  members 
of  the  steroid/nuclear  receptor  family  in  a  ligand-dependent  manner 
(Onate  et  al.,  1995;  Chen  et  al.,  1997;  Li  et  al.,  1997;  Voegel  et  al.,  1998; 
Hong  et  al.,  1997).  In  addition,  coimmunoprecipitation  and  subcellular 
colocalization  also  detect  in  vivo,  ligand-dependent  interactions  of  SRC 
with  steroid/nuclear  receptors.  Specifically,  subcellular  colocalization 
has  been  used  to  analyze  ligand-dependent  interaction  of  TIF2  with 
Rak,  and  PR  (Voegel  el  al.,  lb)b)6).  Because  a  truncated  TIF2  mu- 
tant  (TIF2.1)  does  not  contain  nuclear  localization  signal  and  remains 
in  the  cytoplasm,  it  allows  demonstration  of  ligand-dependent  translo¬ 
cation  from  the  cytoplasm  into  nucleus  due  to  interaction  with  ligand- 
ed  receptors  targeted  to  the  nucleus  (Voegel  et  al.,  1996). 

The  association  of  two  proteins  in  vivo  involves  the  formation  of  a 
complex  containing  other  proteins.  Therefore,  in  vivo  interaction  ob¬ 
served  in  tiie  two-hybrid  and  coimmunoprecipitation  assays  is  usual¬ 
ly  insufficient  to  conclude  direct  interaction  between  two  proteins.  In¬ 
stead,  in  vitro  protein— protein  binding  is  required  to  further  prove 
direct  interaction.  GST  pull-down  and  far-Westem  assays  are  com¬ 
monly  utilized  for  detecting  protein— protein  interaction  in  vitro.  In  ad¬ 
dition,  the  far-Westem  assay  is  also  used  for  screening  interacting 
clones;  in  fact,  this  method  identified  two  mouse  SRC-ls  and  the 
TRAM-1  clone  (Kamei  et  al.,  1996;  Yao  et  al.,  1996;  Takeshita  et  al., 
1997).  Figure  4  shows  an  example  of  ligand-dependent  interaction  be¬ 
tween  RAC3  and  VDR  analyzed  by  far-Westem  analysis.  The  ligand- 
dependent  interaction  with  steroid/nuclear  receptors  suggests  that 
SRCs  are  components  of  a  transcriptional  active  complex.  Consistent- 
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kDa 

+  D3 

175—  |RH|| 

gp 

62-  lllil 

^g|p-RAC3  (723-1017) 

47.5  - 

H  CR 

25  —  plifp 

Hi  FP0 

Fig.  4.  Ligand-dependent  interaction  of  RAC3  with  nuclear  receptor.  The  purified  GST- 
RAC3  (723-1017)  fusion  protein  was  separated  by  SDS-PAGE  and  analyzed  by  far-West- 
em  analyses  for  interaction  with  ^S-labeled  hVDR  in  the  absence  (—)  or  presence  (+)  of 
1  \tM  la,25-dihydroxyvitamin  D3.  The  position  of  the  intact  GST-RAC3  (723—1017)  fu¬ 
sion  protein  is  as  indicated.  The  smaller  peptides  that  also  interact  with  VDR  represent 
degradation  products  of  GST-RAC3  (723—1017). 


ly,  the  SRC  coactivator  does  not  interact  with  steroid/nuclear  receptor 
bound  to  antagonist. 

B.  Interacting  Interfaces 

The  mechanism  by  which  SRC  coactivators  interact  with  steroid/nu¬ 
clear  receptors  has  been  extensively  analyzed  by  both  biochemical  and 
X-ray  crystallography  studies.  These  studies  led  to  the  identification  of 
several  conserved  LXXLL  motifs  (where  L  is  leucine  and  X  is  any  amino 
acid)  that  are  responsible  for  interaction  with  liganded  receptors  and 
transcriptional  activation  (Fig.  5).  Six  LXXLL  motifs  are  located  at  the 
central  region  of  all  three  SRC  coactivators  and  one  SRC-la-unique  mo¬ 
tif  is  located  at  the  C  terminus  (Heery  et  al.,  1997;  Li  et  al.,  1997 ;  Tbrchia 
et  al.,  1997).  Sequence  resembling  LXXLL  motif  has  also  been  identi¬ 
fied  as  receptor-interacting  box  (NR-box)  in  TIFlp  (Le  Douarin  et  al ., 
1996)  and  in  other  steroid/nuclear  receptor  interacting  proteins  such  as 
RIP140,  CBP/p300,  and  TRIPs  (Heery  et  al,  1997). 

The  interacting  domain  between  SRC-1  and  ER  was  mapped  first  by 
a  series  of  deletion  mutants,  where  aa  570-780  and  1241-1441  of  SRC- 
la  bound  ER  in  an  agonist-dependent  fashion  (Heery  et  aL,  1997 ;  Hent- 
tu  et  al,  1997;  Kalkhoven  et  al.,  1998).  The  aa  570-780  fragment  con¬ 
tains  three  conserved  LXXLL  motifs  (i,  ii,  iii)  and  the  C-terminal  aa 
1241-1441  fragment  contains  one  motif  (vii).  which  is  present  only  in 
£gC-labut  not  in  SRC-le  or  other  SRC  coactivators.  Additionally,  oth¬ 
er  regions  of  SRC-la  are  also  capable  of  binding  ER  and  PR  in  an  AF2- 
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and  ligand-independent  manner,  but  the  significance  of  these  interac¬ 
tions  remains  unclear  (Ofiate  et  al.,  1998;  Kalkhoven  et  al.,  1998). 

Experiments  using  site-directed  mutants  and  synthetic  peptides  have 
provided  strong  evidence  for  LXXLL  motifs  in  mediating  interaction 
with  liganded  steroid/nuclear  receptors.  First,  a  series  of  Gal4  DBD 
fused  with  each  LXXLL  motif  (motif  i,  ii,  iii,  or  vii)  interacts  indepen¬ 
dently  with  ER  in  a  ligand-dependent  manner  (Heery  et  al.,  1997),  sug¬ 
gesting  that  individual  motif  is  sufficient  for  mediating  the  interaction. 
This  study  suggests  that  motif  ii  interacts  most  tightly  with  ER,  while 
other  unrelated  sequences  containing  similar  LXXLL  core  sequences 
failed  to  interact,  suggesting  that  the  LXXLL  alone  is  insufficient  for 
the  interaction.  Similarly,  others  observed  strong  ligand-dependent  in¬ 
teractions  of  motif  ii  and  the  C-terminal  motif  of  mouse  SRC-1  (NCoA- 
1)  with  ER  and  RAR  CIbrchia  et  al.,  1997).  In  support  of  this  possibili¬ 
ty,  replacing  the  leucine  doublet  of  the  C-terminal  LXXLL  motif  of 
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Fig.  5.  The  LXXLL  motifs  of  SRC  coactivators.  The  amino  add  residues  are  shown  at 
right  in  parentheses.  The  first  six  motifs  are  surrounded  by  highly  charged  residues  and 
motifs  ii,  iv,  v,  and  vi  were  predicted  to  form  a-helical  structures. 
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SRC-la  with  alanines  disrupting  the  interaction  with  liganded  recep¬ 
tors  (Heery  et  al.,  1997). 

Because  the  three  LXXLL  motifs  (i,  ii,  iii)  are  sufficient  to  interact 
with  liganded  receptors,  the  relative  contribution  and  the  specificity  of 
each  motif  become  important  to  understand  the  mechanism  of  coacti- 
vator-receptor  interaction.  Systematic  analysis  of  each  LXXLL  motif 
in  the  context  of  full-length  SRC-le  protein  suggests  that  loss  of  indi¬ 
vidual  motif  has  little  effect  on  the  ability  of  SRC-le  to  bind  ER  or  to 
enhance  its  transcriptional  activity  (Heeiy  et  al.,  1997).  Conversely, 
mutation  of  motif  ii  in  combination  with  motif  i  or  iii,  or  both,  drasti¬ 
cally  reduces  binding  to  liganded  ER,  and  the  ability  to  enhance  ER- 
mediated  transcription  in  transfected  cells.  However,  combined  muta¬ 
tion  of  motifs  i  and  iii  had  less  effect.  When  the  mutation  was  generated 
in  the  central  receptor  interacting  domain  (635-760)  of  NcoA-1,  it  ap¬ 
pears  that  mutation  of  motif  ii  is  sufficient  to  abrogate  interaction  with 
liganded  ER  and  RAR  (Tbrchia  et  al.,  1997).  Because  disruption  of  mo¬ 
tif  ii  blocks  the  function  of  motif  i  and  iii  within  the  minimal  interact¬ 
ing  domain  of  NCoA-1,  but  not  in  the  full-length  SRC-le  protein,  it  is 
conceivable  that  other  interacting  surfaces  may  contribute  to  stabiliz¬ 
ing  the  interaction.  These  studies  indicate  that  motif  ii  of  SRC-1  is  the 
preferred  site  for  interaction  with  liganded  J5K.,  while  motils  i  and  iii 
mav  contribute  to  optimal  binding  and  activation  of  ER  in  intact  cells. 

The  relative  contribution  of  LXXLL  motifs  in  mediating  interaction 
with  different  receptors  has  also  been  analyzed  by  peptide  competition 
assay  (Heery  et  al.,  1997;  Torchia  et  al.,  1997;  Darimont  ef  al.,  1998). 
Consistent  with  mutational  studies,  motif  ii  of  SRCrl  is  most  important 
for  interaction  with  RAR  and  TR,  whereas  C-terminal  motif  vii  is  most 
prominent  for  interaction  ER  (Heery  et  al.,  1997;  Tbrchia  et  al.,  1997). 
For  instance,  an  excess  of  24-aa  oligopeptide  encompassing  motif  ii  of 
NCoA-1  effectively  blocked  interaction  between  liganded  RAR  and 
NCoA-1  in  vitro,  but  a  peptide  corresponding  to  motif  i  was  less  effec¬ 
tive  (Tbrchia  et  al.,  1997).  Similarly,  an  excess  14-aa  oligopeptide  en¬ 
compassing  the  C-terminal  motif  of  SRC-1  blocks  interaction  between 
liganded  ER  and  SRC-la,  but  a  leucine  doublet  mutant  has  no  effect 
(Heery  et  al.,  1997).  Similarly,  a  13-aa  peptide  of  GRIP1  motif  ii  inhibits 
the  interaction  between  GRIP1  and  TR(J  LBD,  while  substitution  of  the 
leucine  residues  with  alanines  eliminates  such  inhibitory  effect  (Dari¬ 
mont  et  al.,  1998).  Substitution  of  the  leucine  residues  with  phenylala¬ 
nines  also  reduced  the  competition,  suggesting  that  efficient  interaction 
does  not  simply  rely  on  the  hydrophobidty  of  the  LXXLL  motif  but 
rather  on  the  stereochemical  property  of  the  side  chain  of  leucine  (Da¬ 
rimont  et  al.,  1998).  Although  motif  ii  of  GRIP1  is  the  preferred  se- 
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quence  for  ER  binding,  motif  iii  is  preferred  by  GR  (Ding  et  al.,  1998). 
Another  study  shows  that  motif  ii  of  rTIF2  is  most  critical  for  binding 
with  PPARa  and  TRa,  while  motif  i  is  the  preferred  site  for  RXR0  and 
motif  iii  is  preferred  by  GR  (Leers  et  al.,  1998).  These  studies  suggest 
that  steroid/nuclear  receptors  may  interact  with  a  given  SRC  coactiva¬ 
tor  through  a  precise  arrangement  of  multiple  LXXLL  motifs. 


C.  Determinants  of  LXXLL  Specificity 


The  presence  of  four  different  LXXLL  motifs  that  can  each  interact 
independently  with  liganded  receptors  suggests  a  requirement  for 
specificity,  since  it  is  not  likely  that  all  motifs  interact  simultaneously 
with  a  given  receptor.  In  addition,  different  coactivators  compete  rather 
than  cooperate  for  binding  to  a  given  receptor  (Leers  et  aL,  1998),  sug¬ 
gesting  coactivator  preference  for  the  receptor.  Thus,  it  is  important  to 
understand  the  mechanism  of  selectivity  of  LXXLL  motifs  for  specific 
receptors.  Using  synthetic  chimeric  peptide,  the  preference  of  GRIP1 
motif  ii  for  TRp  appears  determined  by  sequences^  adjacent  to  the 
LXXLETcore  residues.  This  was  shown  by  a  chimeric  peptide  containing 
adjacent  sequences  of  motif  ii  and  LXXLL  of  motif  iii,  which  competes 
equally  well  as  the  intact  motif  ii  for  TRp  interaction  (Darimont  et  al., 
1998).  Conversely,  a  chimeric  peptide  containing  LXXLL  of  motif  ii 
flanked  by  sequences  adjacent  to  a  VP16  Fxxhh  motif  competes  poorly 
for  TRp  interaction.  These  studies  suggest  that  both  the  LXXLL  residues 
and  the  adjacent  sequences  of  motif  ii  contribute  to  TR  binding.  In  con¬ 
trast,  a  chimeric  peptide  containing  adjacent  sequences  of  motif  ii  and 
LXXLL  of  motif  iii  competes  equally  well  for  GR  binding  as  intact  mo¬ 
tif  iii.  Consistently,  a  chimeric  peptide  containing  motif  iii  adjacent  se¬ 
quences  and  motif  ii  core  competes  inefficiently  with  GR  binding. 
Therefore,  the  LXXLL  core  can  dictate  the  selectivity  of  GR  for  its  pref¬ 
erence  of  motif  iii  over  motif  ii  of  GRIP1. 

The  specificity  determinant  of  LXXLL  motifs  on  transcriptional  coac¬ 
tivation  by  NCoA-1  (SRC-1)  has  also  been  analyzed  by  site-directed 
mutagenesis  and  microinjection  assay  (Mclnemey  et  al.,  1998).  For  mi¬ 
croinjection  assay,  a  p-galactosidase  reporter  driven  by  specific  re¬ 
sponse  elements  is  injected  into  cell  nuclei,  along  with  specific  antibody 
and  a  rescuing  plasmid  (Mclnemey  et  al.,  1998;  *Ibrchia  et  al.,  1997  L. 
Xu  et  al.,  1998;  Korzus  et  al.,  1998).  The  requirement  of  specific  LXXLL 
motifs  of  NCoA-1  for  transactivation  by  different  receptors  was  deter¬ 
mined  by  antibody  injection  to  inhibit  reporter  gene  activation,  along 
with  a  plasmid  expressing  wild-type  or  LXXLL  mutant  of  NCoA-1.  In 
this  study,  injection  of  anti-NCoA-1  IgG  inhibits  transactivation  by  ER, 
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PR,  RAR,  TR,  and  PPARy  (Mclnemey  et  al.,  1998),  while  coinjection  of 
wild-type  NCoA-1  reverses  the  IgG-mediated  inhibition  completely 
(Fig.  6).  Coinjection  of  different  LXXLL  mutants  elicits  distinct  levels 
of  rescue.  For  instance,  wild-type  NCoA-1  and  the  motif  i  or  iii  mutants 
are  capable  of  reversing  IgG-mediated  transcriptional  inhibition.  Dou¬ 
ble  mutation  of  motifs  i  and  iii  had  no  effect  on  the  coactivation  fonc- 
tion  on  ER-mediated  transcriptional  activation.  In  contrast,  mutation 
of  motif  ii  abrogated  the  ability  to  rescue  IgG-mediated  inhibition. 
These  studies-sugerest-tfaat  mom  11  ot.MOoA-1  is  sumcient  for  support¬ 
ing  ER  activation,  consistent  with  previous  transient  transfection  and 
peptide  competition  studies  (L)ing  et  at.,  1998;  Heery  et  al.,  1997; 
Kalkhoven  et  aL,  1998).  Mutation  of  motif  ii  seems  to  play  a  more  pro¬ 
found  effect  in  the  injection  assay,  but  this  might  be  due  to  a  more  se¬ 
vere  mutation  used  in  the  injection  assay  (LXXLL-^LAAAA)  than  in  the 
transfection  assay  (LXXLL-+LXXAA).  It _was  also  found  that  PR  and 
PPARy  require  both  motifs  i  and  ii.  but  not  iii.  while  KAK.  and  TR  re- 
quirgmotils  il  and  iii.  but  not  i.  suggesting  a  distinct  pattern  of  LXXLL 
motif  requirement  for  different  receptors.  In  addition,  the  LXXLL  mo- 
ti±  preference  by  PPARy  appears  to  be  regulated  by  ligands.  While  trogli- 
tazone  (TGZ;  thiazolidinedione)-activated  PPARy  prefers  motif  ii  over 
i,  prostaglandin  J2  metabohtes  (PGJ2)  promote  an  equivalent,  partial 
requirement  for  both  motif  i  and  ii,  but  indomethacin  alters  the  prefer¬ 
ence  to  motif  i  over  ii  (Mclnemey  et  al.,  1998).  This  specificity  appears 
to  depend  on  amino  acids  carboxy  terminal  to  the  LXXLL  core.  Consis¬ 
tently,  distinct  carboxy-terminal  amino  acids  are  required  for  PPARy 
activation  in  response  to  different  ligands  (Mclnemey  et  al.,  1998).  To- 


Fig.  6.  Probing  SRC  coactivator  function  by  microinjection  assay.  Microinjection  of 
affinity-purified  anti-NCoA-1  IgG  blocked  retinoic-acid-dependent  activation  of  the 
RARE/LacZ  reporter.  The  RA-dependent  expression  of  reporter  gene  was  fully  rescued  by 
collection  of  NCoA-1  expression  vector.  Photomicrographs  of  rhodomine-stained  inject¬ 
ed  cells  and  the  corresponding  protein  of  X-Gal  staining.  [Adapted  by  permission  from 
Fig.  4  of  Ibrchia,  J.f  et  al .  (1997).  The  transcriptional  co-activator  p/CIP  binds  CBP  and 
mediates  nuclear  receptor  function.  Nature  387, 677-684.] 
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gether,  these  studies  suggest  that  LXXLL  motifs  may  serve  overlapping 
roles  for  both  receptor-specific  and  ligand-specific  assembly  of  a  coacti¬ 
vator  complex. 

The  contribution  of  each  LXXLL  motif  residue  for  interaction  with 
different  receptors  has  also  been  analyzed  by  systemic  mutation  in  com¬ 
bination  with  microinjection  assays  (Mclnemey  et  al.,  1998).  The  se¬ 
quences  encompassing  the  eight  amino-terminal  or  carboxy-terminal 
flanking  residues  of  motif  ii  of  SRC-1  were  mutated  to  alanines  and 
their  abilities  to  restore  transactivation  by  RAR,  TR,  and  ER  were  an¬ 
alyzed.  It  was  shown  that  the  flanking  amino-terminal  residues  are  not 
essential,  while  the  eight  carboxy-terminal  residues  are  required  for 
SRC-l-mediated  coactivation  on  RAR,  TR,  and  ER  (Mclnemey  et  al., 
1998).  Additionally,  residues  + 12  and  +13  (the  first  L  in  LXXLL  is  des¬ 
ignated  + Dare  required  for  ER  binding,  while  residues  at  +6,  +7,  +11, 
and  +13  are  important  for  interaction  with  RAR-RXR  heterodimer 
on  DNA  template.  Similar  experiments  also  reveal  that  amino  adds  at 
positions  +6,  +11,  and  +13  of  motif  ii  are  critical  for  NCoA-1  binding 
to  TGZ-activated  PPARy.  Intriguingly,  when  PPARy  is  activated  by 
BRL49653,  distinct  residues  at  +8,  +9,  +10,  +12,  and  +13  become  im¬ 
portant  for  NCoA-1  binding.  These  studies  suggest  a  ligand-specific  al¬ 
teration  of  receptor  structure,  which  may  impose  a  requirement  for  dif¬ 
ferent  LXXLL  residues  to  achieve  high-affinity  interactions  with  the 
SRC  coactivators. 

Because  many  nuclear  receptors  seem  to  require  two  functional 
LXXLL  motifs  on  one  SRC  molecule  for  maximal  interaction,  it  is  con¬ 
ceivable  that  spacing  between  two  motifs  may  be  important  for  such 
recognition.  Accordingly,  deletion  of  30  amino  adds  from  the  conserved 
spacing  of  50  amino  adds  between  motifs  ii  and  iii  severely  inhibits  the 
capability  of  SRC-1  to  restore  IgG-mediated  inhibition  on  RAR  or  TR 
transactivation  (Mclnemey  et  al.,  1998).  This  deletion  does  not  have 
any  effect  on  the  ability  of  SRC-1  to  rescue  PPARy  function,  consistent 
with  observation  that  motif  iii  is  not  essential  for  SRC-1  coactivation  of 
PPARy.  However,  shortening  the  spacing  between  motifs  i  and  ii  in¬ 
hibits  the  function  of  SRC-1  to  support  PPARy  transactivation,  consis¬ 
tent  with  a  requirement  for  both  motif  i  and  ii  of  SRC-1  for  PPARy  ac¬ 
tivation.  These  studies  suggest  that  appropriately  spaced  LXXLL 
motifs  are  essential  for  maximal  SRC-1  function. 


TV.  X-Ray  Crystal  Structures 

Biochemical  studies  suggest  that  interactions  between  SRC  coacti¬ 
vators  and  steroid/nuclear  receptors  involve  LXXLL  motifs  of  the  coac- 
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tivators  and  the  AF-2  helix  of  the  receptors.  Because  steroid/nuclear 
receptors  usually  form  dimers  on  DNA  template,  and  SRC  contains 
multiple  LXXLL  motifs,  the  mechanism  of  interaction  is  expected  to  be 
complex  but  precise  to  allow  receptor  specificity  and  coactivator  selec¬ 
tion.  Recently,  the  interaction  surface  between  SRC  coactivator  and  re¬ 
ceptor  has  been  analyzed  by  X-ray  crystallography  studies  and  scan¬ 
ning  mutagenesis  studies.  Thggfi-studies  Ind.tn  thp  discovery  of  a 
hvdrnphnhic  clftfh  (ffreeveLon  the  surface  nf  receptor  LBD.  which  ap¬ 
pears  to  hind  dir prilv  tn  the  LXXLL  motif  of  a  given  SRC  coactivator. 
Thishydrophobic  cleft  is  induced  upon  agonist  binding,  consistent  with 
ligand-dependent  interaction.  The  interaction  also  involves  the  C  ter¬ 
minus  AF-2  helix  (H12),  which  responses  drastically  to  ligand-induced 
conformational  changes  and  forms  part  of  the  hydrophobic  cleft  upon 
ligand  binding.  The  interactions  observed  in  the  crystal  structure  are 
consistent  with  many  biochemical  data,  and  correlate  precisely  with  the 
role  of  AF-2  helix  in  mediating  both  SRC  interaction  and  ligand- 
dependent  transcriptional  activation  (Kalkhoven  et  al.,  1998).  This 
section  summarizes  the  characteristics  of  the  hydrophobic  cleft  and  de¬ 
tailed  mechanisms  of  the  formation  and  composition  of  this  coactivator¬ 
binding  site. 

A.  Hydrophobic  Cleft  of  TR  LBD 

Based  on  the  TR  LBD  X-ray  crystallographic  structure,  37  surface 
residues  of  hTRpi  LBD  were  systemically  mutated  and  tested  for  in¬ 
teractions  with  GRIP1  (Feng  et  al.,  1998).  As  expected,  mutations  of 
surface  residues  in  helix  12  (L454R  and  E457K)  of  TR  abolished  GRIP1 
hinmng.  TWo  mutations  in  nelix  a  y  V284R  and  K288A)  and  two  in  helix 
5  (I30zk  and  Kau6A)  also  impaired  binding,  suggesting  that  both  helix 
3  and  helix  5  also  contribute  to  the  formation  of  a  coactivator-binding 
site.  Point  mutations  that  diminish  GRIP1  binding  (V284R,  K288A, 
I302R,  L454R,  and  E457K)  also  show  less  binding  to  SRC-la,  suggest¬ 
ing  that  different  SRC  coactivators  may  interact  with  a  similar  set  of 
TR  surface  residues.  Furthermore,  transient  transfection  assay  indi¬ 
cates  that  mutations  with  impaired  GRIP1  binding  also  show  dimin¬ 
ished  ligand-dependent  transactivation  function,  which  in  turn  could 
be  partially  restored  by  overexpression  of  GRIP1.  Several  control  ex¬ 
periments  demonstrate  that  these  mutants  are  still  efficient  in  hor¬ 
mone  binding,  heterodimerization,  DNA  binding,  and  inhibition  of  AP- 
1  activity,  suggesting  a  direct  involvement  of  coactivator  binding  in 
ligand-dependent  transcriptional  activation.  The  TR  surface  residues 
required  for  binding  to  GRIP1  and  SRC-1  are  highly  conserved  among 
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members  of  the  steroid/nuclear  receptor  family,  suggesting  a  similar 
coactivator-binding  surface  among  different  nuclear  receptors.  Consis¬ 
tently,  the  corresponding  mutations  (K362A,  V376R,  and  E542K)  in 
hERa  also  abolished  GRIP1  binding  and  inhibited  transcriptional  acti¬ 
vation.  Similarly,  the  lysine  366  of  mouse  ERa,  which  aligns  to  the  K362 
residue  in  human  ERa  in  the  predicted  helix  3,  is  also  essential  for  E2- 
dependent  transactivation  and  binding  to  coactivators  SRC-1  and  TIF2 
(Henttu  et  aL,  1997). 

The  critical  residues  identified  by  the  scanning  surface  mutagenesis 
for  coactivator  binding  appear  to  encircle  a  small  hydrophobic  cleft  on 
the  surface  of  TR-LBD  (Fig.  7).  Ligand  binding  results  in  the  formation 


Fig.  7.  A  hydrophobic  cleft  on  TR  LBD  involved  in  binding  of  SRC  coactivators.  A  small 
cluster  of  effective  mutations  that  surround  a  surface  cleft  containing  central  hydropho¬ 
bic  residues  was  identified  by  scanning  surface  mutagenesis.  (A)  A  space-filling  model  of 
the  TR  LBD  shows  the  LBD  surface  locations  of  mutations  made  in  the  full-length  hTRp  1. 
Mutated  residues  that  have  no  effect  on  GRIP1  binding  or  on  activation  in  HeLa  cells  are 
shaded  dark  gray.  Mutated  residues  with  diminished  GRIP1  and  SRC- la  binding  and  di¬ 
minished  activation  in  HeLa  cells  are  colored  to  reflect  chemical  properties  of  the 
residues:  Red,  blue,  and  green  indicate  acidic,  basic,  and  hydrophobic  residues,  respec¬ 
tively.  (B)  The  AF-2  surface  contains  a  cleft,  one  side  of  which  is  formed  by  conforma- 
tionally  hormone-responsive  residues.  Left,  a  view  of  the  TR  LBD  molecular  surface, 
showing  the  concave  surfaces  in  gray;  note  the  cavity  at  the  center  of  the  figure.  Right,  a 
space-filling  model  of  the  TR  LBD,  overlayed  with  a  molecular  surface  view  restricted  to 
a  12-A  radius  of  the  hydrophobic  cavity.  The  hormone-insensitive  residues  of  mutated  AF- 
2  (V284,  K288, 1302,  and  K306)  are  located  on  one  side  of  the  cleft  and  are  colored  yellow. 
The  mutated  AF-2  residues  that  likely  undergo  a  conformational  change  upon  hormone 
binding  (L454  and  E457)  are  located  on  the  opposite  side  of  the  cleft  and  are  colored  red. 
[Reprinted  with  permission  from  Feng  W.,  et  aL  (1998).  Hormone-dependent  coactivator 
binding  to  a  hydrophobic  cleft  on  nuclear  receptors.  Science  280, 1747-1749.  Copyright 
0 1998  American  Association  for  the  Advancement  of  Science.] 
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of  this  surface  by  folding  the  carboxyl-terminal  AF-2  helix  against  a 
scaffold  of  H3,  H4,  and  H5.  It  was  predicted  that  this  small  hydropho¬ 
bic  cleft  will  match  a  complementary  surface  of  the  LXXLL  motif  with 
the  hydrophobic  residues  driving  coactivator-binding  reaction  (Feng  et 
al,  1998). 

B.  Structure  of  TRp:LXXLL  Peptide  Complex 

The  interacting  interface  between  TR  LBD  and  the  LXXLL  motif  has 
now  been  revealed  by  X-ray  crystallography.  The  crystal  structure  of 
hTRp  LBD  complexed  with  T3  (3,3 ' ,5-triiodo-L-thyronine)  and  a  13-aa 
peptide  KHK3LHTLLQDSS  encompassing  the  LXXLL  motif  ii  of  GRIP1 
was  determined  (Darimont  et  al.,  1998).  The  crystal  contains  two  asym¬ 
metric  monomers  of  the  TR|J  LBD  with  each  monomer  binding  to  one 
peptide.  The  structure  of  the  hTR|J  LBD  is  similar  to  that  of  the  rTRa 
LBD  (Wagner  et  al.,  1995)  and  consists  of  12  a-helices  and  4  p-strands 
organized  in  three  layers.  The  LXXLL  peptide  forms  an  amphipathic  ot- 
helix  of  about  three  turns  for  the  core  residues.  The  helical  structure  of 
the  peptide  may  be  induced  by  complex  formation  since  far  UV-CD  spec¬ 
trum  of  the  peptide  indicates  a  random  coil  conformation  in  the  absence 
of  TRp  LBD.  In  the  crystal  structure,  the  hydrophobic  face  of  the  pep¬ 
tide  helix  contacts  a  hydrophobic  groove  formed  by  16  residues  from  he¬ 
lices  H3,  H4,  H5,  and  H12  of  the  hTRp  LBD.  The  16  residues  are  1280, 
T281,  V283,  V284,  A287,  and  K288  from  H3;  F293  from  H4;  Q301, 1302, 
L305,  K306,  and  C308  from  H5;  and  L454,  E457,  V458,  and  F459  from 
H12.  These  residues  are  arranged  in  a  way  that  the  hydrophobic 
residues  form  the  floor  of  the  groove  and  the  charged  residues  line  the 
rim.  The  three  leucines  of  the  LXXLL  core,  L690,  L693,  and  L694,  are 
buried  within  the  hydrophobic  groove  (Fig.  8).  The  L690  residue  makes 
van  der  Waals  contacts  with  L454  and  V458  of  H12,  and  1689  packs 
against  L454  of  H12  outside  the  edge  of  the  groove.  L693  contacts  V284 
of  H3,  whereas  L694  contacts  F293  and  L305  of  H4  and  H5,  respec¬ 
tively.  This  structure  is  consistent  with  results  obtained  in  scanning 
A*  surface  mutagenesis,  confirming  the  importance  of  V284  of  H3  and 

elsewhere  L454  of  H12  for  in  vitro  binding  with  both  GRIP1  and  SRC-la  (Feng  et 

(see  pg.  517  al.,  1998). 
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here?*  C.  STRUCTURE  OF  THE  ERa-LXXLL  PEPTIDE  COMPLEX 

The  crystal  structure  of  diethylstilbestrol  (DES)-bound  ERa  LBD 
complexed  with  a  LXXLL  peptide  (motif  ii)  of  GRIP1  has  also  been  de¬ 
termined  (Shiau  et  al.,  1998).  The  overall  structure  of  the  ER-peptide 
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Fig.  8.  The  TRp  LBD:LXXLL  peptide  interface  revealed  by  X-ray  crystal  structure.  The 
side  chains  of  the  LXXLL  motif  ii  of  GR1P1  are  shown  in  a  CPK  representation,  with 
the  main  chain  of  the  peptide  drawn  as  a  Ca  worm.  The  three  leucines  fit  into  pockets  on 
the  molecular  surface  of  the  TRp  LBD,  depicted  as  mesh,  whereas  the  nonconserved 
isoleucine  residue  rests  on  the  edge  of  the  surface  cleft.  [Adapted  by  permission  from  Fig. 
4  of  Darimont,  B.  D.,  et  al.  (1998).  Structure  and  specificity  of  nuclear  receptor  coactiva¬ 
tor  interactions.  Genes  &  Development  12, 3343-3356.] 


complex  is  similar  to  that  of  the  TR-peptide  complex  (Darimont  et  al., 
1998).  The  LXXLL  peptide  binds  as  a  short  amphipathic  a-helix  to  a  hy¬ 
drophobic  groove  formed  on  the  surface  of  the  LBD  (Fig.  9).  This  LXXLL 
binding  surface  of  ER  LBD  is  located  at  the  same  position  as  the  hy¬ 
drophobic  cleft  of  TR  LBD.  The  asymmetric  unit  of  the  ER  complex  con¬ 
tains  a  noncrystallographic  dimer  (Tanenbaum  et  al.,  1998;  Brzozows- 
ki  et  al.,  1997;  Shiau  et  al.,  1998),  consistent  with  ER’s  function  as  a 
homodimer  (Mangelsdorf  and  Evans,  1995).  In  the  ternary  complex,  one 
LXXLL  peptide  is  bound  to  each  LBD  in  a  hydrophobic  groove  composed 
of  residues  from  helices  H3,  H4,  H5,  and  H12  and  the  turn  between  H3 
an<TH4  (big.  9A).  The  ends  ot  tins  hydrophobic  groove  are  charged,  sim¬ 
ilar to  the  coactivator-binding  pockets  found  in  the  TR-LXXLL  peptide 
complex  (Darimont  et  al.,  1998)  (Fig.  9C).  In  the  crystal  structure,  L690 
forms  van  der  Waals  contacts  with  1358,  V376,  L379,  E380,  and  M543, 
whereas  L694  makes  van  der  Waals  contacts  with  1358,  K362,  L372, 
Q375,  V376,  and  L379  of  the  ER  LBD  on  the  hydrophobic  floor.  In  con¬ 
trast,  1689  and  L693  of  the  LXXLL  helix  rest  against  the  rim  of  the 
groove.  The  side  chain  of  1689  lies  in  a  depression  formed  by  D538, 
L539,  and  E542  and  the  side  chain  of  L693  makes  nonpolar  contacts 
with  1358  and  L539  of  the  ER  LBD.  In  addition  to  the  hydrophobic  in¬ 
teractions,  the  LXXLL  helix  appears  to  be  stabilized  by  capping  inter¬ 
actions  with  E542  and  K362  of  ER  LBD  at  opposite  ends  of  the  LXXLL 
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Fig.  9.  Structure  of  ERa-LXXLL  Peptide  Complex.  (A)  Structure  of  the  DES-ER-pep- 
tide  complex.  The  coactivator  peptide  and  the  LBD  are  shown  as  ribbon  drawings.  The 
peptide  is  colored  gold,  and  helix  12  (residues  538-546)  is  colored  magenta.  Helices  3, 4, 
and  5  (labeled  H3,  H4,  and  H5,  respectively)  are  colored  blue.  DES,  colored  green,  is 
shown  in  space-filling  representation.  (B)  Structure  of  the  OHT-ER  LBD  complex.  The 
LBD  is  depicted  as  a  ribbon  drawing.  As  in  part  A,  helix  12  (residues  536-544)  is  colored 
in  magenta,  and  helices  3, 4,  and  5  are  colored  blue.  OHT,  in  red,  is  shown  in  space-fill¬ 
ing  representation.  (C)  A  molecular  surface  representation  of  the  LBD  bound  to  DES  col¬ 
ored  according  to  the  local  electrostatic  potential  (blue,  positive;  red,  negative).  The  side 
chains  of  Leu-690  and  Leu-694  of  the  coactivator  peptide  are  bound  in  a  hydrophobic 
groove  and  those  of  Ile-689  and  Leu-693  rest  against  the  edge  of  this  groove.  (D)  A  mole¬ 
cular  surface  representation  of  the  LBD  bound  to  OHT  colored  as  in  part  C.  Whereas  the 
side  chains  of  Leu-540  and  Leu-544  of  helix  12  are  embedded  in  the  hydrophobic  groove, 
that  of  Met-543  lies  along  the  edge  of  this  groove.  [Adapted  by  permission  from  Figs.  2 
and  3  of  Shiau,  A.  K. tetaL  (1998).  The  structural  basis  of  estrogen  receptor/coactivator 
recognition  and  the  antagonism  of  this  interaction  by  tamoxifen.  Cell  95, 927-937.] 
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helix  by  forming  hydrogen  bonds.  The  importance  of  these  interactions 
observed  in  the  crystal  structures  was  confirmed  by  a  series  of  site-di¬ 
rected  mutations  of  the  ER  LBD.  Mutations  that  perturb  the  hy¬ 
drophobic  characteristic  of  the  LXXLL-binding  groove,  or  that  prevent 
the  formation  of  the  capping  interactions  (K362A  and  E542K),  abolish 
ligand-dependent  interaction  between  ER  and  GRIP1  (Shiau  et  al., 
1998),  indicating  that  both  capping  and  hydrophobic  packing  interac¬ 
tions  are  important. 

Importantly,  the  coactivator-binding  hvdrnphnhir;  grnOYff  of  ER-I •'R'n 
is  occluded  in  the  LBD  bound  with  the  antagonists  4-hvdrnxytaTnnxifen 
(OHT)  (Shiau  et  al.,  1998)  or  Rolaxifen  (RALKBrzozowski  et  al.,  1997) 
duelo  misalignment  of  the  AF-z  helix  (Fig.  9B).  This  AF-9  hplix  npppars 
to  mimic  the  interactions  of  the  LXXLL  peptide  withfhp  T  rFPin  thonri- 
tagonist-bound  complex,  providing  a  molecular  Basis  for  mechanism  of 
antagonism  by  OHT~and  RAL.  In  the  crvstaTstructures.  the  ER  ago¬ 
nists  DES  and  E2  are  completely  buried  within  a  hydrophobic  cavity  of 
the  LBDs  (Brzozowski  et  al.,  1997;  Shiau  et  al.,  1998).  In  contrast,  the 
binding  of  antagonist  OHT  or  RAL  induces  a  conformation  that  differs 
from  the  structure  driven  by  DES  or  E2  binding.  Thus,  the  receptor  an¬ 
tagonism  by  OHT  and  RAL  is  attributed  to  their  bulky  side  chains  that 
project  out  of  the  ligand-binding  pocket  between  helices  3  and  11.  Con¬ 
sequently,  the  positive-charged  side  chains  of  OHT  and  RAL  produce 
steric  clashes  with  the  hydrophobic  side  chain  of  L540  in  AF-2  helix, 
shifting  this  helix  from  over  the  ligand-binding  pocket  to  the  hydropho¬ 
bic  region  of  the  LXXLL-binding  groove  (Fig.  9B).  It  appears  that  an 
LXXLL-like  sequence  (LXXML)  within  ER  helix  12  binds  intramolecu- 
larly  to  the  coactivator-binding  pocket  of  LBD  (Fig.  9D).  Therefore,  the 
binding  of  antagonist  to  ER  promotes  an  AF-2  helix  conformation  that 
cripples  theT  AF-2  surface  and  inhibits  binding  of  SkC  coactivator  by 
blocking  the  hydrophobic  groove  required  tor  binding  of  LXXLL  motif. 
Since  the  LXXLL-like  motif  of  ER  is  not  shared  by  all  other  nuclear  re¬ 
ceptors,  other  mechanisms  of  antagonisms  might  be  utilized  by  differ¬ 
ent  steroid/nuclear  receptors. 


D.  Structure  of  the  PPARy:SRC-l  Complex 

The  crystal  structures  of  an  apo-PPARy  LBD  and  a  ternary  complex 
containing  the  PPAR-y  LBD,  the  antidiabetic  ligand  rosiglitazone 
(BRL49653),  and  an  88-aa  fragment  of  SRC-1  have  also  been  described 
recently  (Nolte  et  al.,  1998)  (Fig.  10).  In  both  the  apo  and  the  ternary 
complex  structures,  the  PPAR-y  LBD  forms  a  noncrystallogr  aphic  dimer, 
similar  to  the  RXRa  and  ERa  crystal  structures  (Bourguet  et  al.,  1995; 


Au:  map  609; 

rewrite  to  re-  Fig.  10.  Structure  of  the  PPARy-rosiglitazone-SRC-l  ternary  complex.  (A)  Ribbon 
fleet  B&W  drawing  showing  the  ternary  complex  of  PPARy  LBD,  BRL49653,  and  the  LXXLL  helix 
fig>  domain  of  SRC-1.  Residues  around  K301  and  E471  that  form  the  “charged  damp*  are  red, 

and  the  LXXLL  SRC-1  helix  is  green.  Rosiglitazone  (stick  diagram)  binds  in  a  deep  cavi¬ 
ty  of  the  protein  and  provides  a  network  of  polar  interactions  that  include  the  AF-2  do- 


AD6683 .  391-448 


8/31/99  1:56  PM  Page  413 


STEROID/NUCLEAR  RECEPTOR  COACTTVATORS  413 

Brzozowski  et  al.,  1997).  The  structure  of  the  PPARy  LBD  is  very  sim¬ 
ilar  to  the  overall  fold  of  other  steroid/nuclear  receptors,  except  that  it 
contains  an  extra  helix  between  the  first  fl-strand  and  H3.  The  PPAR7 
structure  reveals  a  large  T-shaped  ligand-binding  pocket.  The  ligand 
rosiglitazone  occupies  about  40%  of  this  cavity  in  the  ternary  complex. 
The  remaining  cavity  of  the  ligand-binding  pocket  may  allow  free  in¬ 
teraction  with  ligands  in  a  relatively  nonspecific  manner,  resulting  in 
flexibility  on  ligand  binding  by  PPAR7. 

The  crystal  structure  of  the  PPAIty-rosiglitazone-SRC-l  ternary 
complex  shows  that  SRC-1  binds  to  a  liganded  PPARy  homodimer,  with 
one  LXXLL  binding  to  one  molecule  and  the  second  LXXLL  binding  to 
the  other  molecule  (Fig.  10B).  The  connecting  sequences  between  these 
two  LXXLL  motifs  of  SRC-1  were  not  defined.  In  the  ternary  complex, 
E471  and  K301  ofPPAR-y  appear  to  define  a  “charge  clamp”  that  allows 
the  placement  of  LXXLL  motif  into  the  coactivator-binding  site  (Fig. 
10A).  At  one  end  of  the  coactivator-binding  site,  the  side  chain  of  E471 
forms  hydrogen  bonds  with  the  backbone  amides  of  K632  and  L633  in 
motif  i  and  with  the  backbone  amides  of  K688, 1689,  and  L690  in  motif 
ii.  At  the  other  end  of  the  binding  site,  the  side  chain  of  K301  forms  hy¬ 
drogen  bonds  with  two  backbone  carbonyls  of  L636  and  T639  in  motif  i 
and  L693  and  L694  in  motif  ii.  The  corresponding  residues  of  both  E471 
and  K301  in  TR  and  ER  also  are  important  in  coactivator  binding  and 
transactivation  (Henttu  et  al.,  1997;  Darimont  et  al.,  1998).  gimilar  to 
the  TR-LXXLL  and  ER-LXXLL  complexes,  the  hydrophobic  face  of  the 
LX^EErhelix  or  Sku-1.  packs  mto  a  nvaronhobic  pocket  formed  between 
F.4.71.nnd.Trem  hyW3,  TTd,  W5rnnd  TT19  nf  PP^R-y  The  hydrophobic 
core  of  the  LXXLL  motif  is  buried  within  the  binding  surface  and  amino 
acids  L633,  L636  and  L690,  L693  of  the  two  SRC-1  LXXLL  motifs  in¬ 
teract  hydrophobically  with  L468  and  L318  of  the  PPARy  LBD.  The 
residues  at  positions  -3  and  -2  of  the  LXXLL  motif  do  not  appear  to 


main.  (B)  Ribbon  drawing  of  the  PPARy  LBD  dimer  and  SRC-1,  including  the  ligand 
rosiglitazone.  The  two  PPARy  monomers  are  blue  and  green  and  the  two  SRC-1  inter¬ 
acting  helices  are  yellow.  The  structure  of  SRC-1  was  determined  from  amino  adds  628- 
640  and  684-703  and  was  ays tallogr aphically  refined.  Very  weak  electron  density  from 
residues  670  to  684  was  visible  but  was  not  crystallographically  refined  and  is  shown  as 
a  dashed  line.  SRC-1  amino  adds  642-669  were  disordered  and  not  structurally  deter¬ 
mined.  The  diagram  shows  how  one  SRC-1  molecule,  with  two  interacting  domains,  forms 
a  complex  with  a  PPARy  homodimer.  The  dashed  line  connecting  the  two  structurally  de¬ 
termined  domains  of  SRC-1  is  the  proposed  connection  between  these  two  domains. 
[Adapted  by  permission  from  Figs.  2  and  3  of  Nolte,  R.  T.,  et  aL  (1998).  Ligand  binding 
and  co-activator  assembly  of  the  peroxisome  proliferator-activated  receptor-y.  Nature 
396, 137-143.] 
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make  any  significant  interactions  with  the  LBD.  The  amino  acid  at  po¬ 
sition  —1  fits  in  a  shallow  pocket  created  by  P467  and  1468  of  the  AF- 
2  helix  H12  and  the  +4  residue  of  the  LXXLL  motif.  The  amino  acids 
at  +2  and  +3  of  the  LXXLL  motif  face  out  into  solution  and  make  no 
contacts  with  the  LBD,  consistent  with  the  lack  of  sequence  conserva¬ 
tion  and  other  mutagenesis  studies  (Mclnemey  et  al.,  1998;  Darimont 
et  al.,  1998).  The  two  leucines  at  positions  +4  and  +5  lie  in  a  hy¬ 
drophobic  pocket  and,  therefore,  are  most  critical  for  stabilizing  the  in¬ 
teraction  by  forming  hydrogen  bonds  with  the  clamping  residue  K301 
of  the  LBD. 

According  to  this  model,  the  length  and  orientation  of  the  LXXLL  mo- 
tififi" vital  for  proper  backbone  interactions  with  E471  in  AF-2  helix  and 
with  K3Q1  in  helix  W3  oml  team  are  highly  conserved  among 

nuclear  receptors  and  arp  important  for  transcriptional  activatioirgfld 
coactrvator  hinding.  These  two  residues  appear  to  define  a  ligand- 
dependent  “charge  clamp”  that  positions  the  LXXLL  motif  into  a  hy¬ 
drophobic  pocket  in  the  receptor  LBD.  Thp  observation  that  two  LXXLL 
mntifg  pf  nnp  qT?r;  -1-  molnmlo  m  nice  simultaneous  contact  with  a  FPARr 
homodimer  suggests  a  cooperative  hindinprof  thaLXXLL  motifs  to  a  rer 
ceptor  dimer.  The  existence  of  a  third  LXXLL  motif  within  SRC  coacti¬ 
vators  may  allow  combinatorial  regulation  and  optimal  interaction 
fondifferent  receptors.  In  the  active  ternary  complex,  the  two  PPARy 
LBDs  have  nearly  identical  conformations.  In  contrast,  one  AF-2  helix 
in  the  apo-PPARy  homodimer  adopts  an  extended  inactive  conforma¬ 
tion,  projecting  away  from  the  LBD,  whereas  the  other  AF-2  helix  is 
folded  against  the  LBD,  adopting  an  active  conformation.  It  is  possible 
that  the  unliganded  receptor  can  assume  both  active  and  inactive  con¬ 
formations,  with  the  ligand  acting  to  lock  the  receptor  into  the  active 
conformation  as  proposed  by  the  “mouse  trap”  model  (Renaud  et  al., 
1995).  However,  the  “inactive”  AF-2  helix  appears  to  contact  the  charge 
clamp  of  the  active  AF-2  helix  in  a  crystallographically  related  PPARy 
molecule.  It  is  believed  that  this  arrangement  of  an  AF-2  helix  in  the 
LXXLL  binding  pocket  may  underlie  allosteric  inhibition  observed  with 
specific  partners  of  RXR. 


E.  Model  of  Allosteric  Inhibition 

Functional  studies  suggested  that  RXR-PPAR  heterodimer  could  be 
activated  by  both  PPAR  and  RXR  ligands,  whereas  KAR-RAK~B5t- 
ergdimer  is  selectively  nrtivateri  bv  RAR  ligand  only  (Kliewer  et  al., 
1992;  Kurokawa  et  al.,  1994).  The  differential  ligand  responsiveness 
may  be  due  to  allosteric  inhibition  of  the  binding  of  ligands  to  RXR  by 
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RAR,  but  not  by  PPAR,  in  the  respective  heterodimers.  It  was  proposed 
that  allosteric  inhibition  of  RXR  by  RAR  is  a  result  of  the  placement  of 
RXR  AF-2  helix  in  the  LXXLL-biading  pocket  of  RAR  in  the  absence  of 
ligand  (Westin  et  al.,  1998).  Upon  binding  of  RAR  ligands,  an  LXXLL 
motif  is  recruited,  displacing  the  RXR  AF-2  helix  and  allowing  RXR  lig¬ 
ands  to  bind  (Fig.  11).  Consequently,  the  second  LXXLL  motif  will  then 
bind  to  the  RXR  molecule. 

This  model  is  supported  by  several  observations.  First,  an  RXR- 
specifjp  ligand  T  iGZfifl  ran  unty  the  binding  of  SRC-1  toRXR- 

RARheterodimers  in  the  presence  of  an  KAK-specrtic  ligand  i'rrslEBr 
indicating  that  the  interaction  of  SRC-1  with  RAR  may  relieve  the 


iwi  jmwk 


Fig.  11.  Model  of  allosteric  inhibition  of  RXR-RAR  heterodimer.  In  the  absence  of  lig¬ 
and,  the  AF-2  helix  of  RXR  is  docked  to  the  RAR  coactivator-interaction  site,  preventing 
the  binding  of  RXR  ligands.  In  response  to  RAR-specific  ligand,  one  of  the  three  LXXLL 
motifs  is  recruited  to  RAR,  resulting  in  displacement  of  the  RXR  AF-2  helix  from  RAR 
(step  1).  The  release  of  the  RXR  AF-2  domain  relieves  allosteric  inhibition,  allowing  lig¬ 
ands  to  bind  to  RXR  (step  2).  The  binding  of  an  RXR  ligand  can  then  promote  the  inter¬ 
action  of  a  second  LXXLL  motif  from  the  same  SRC-1  molecule  with  RXR,  stabilizing  the 
complex  (step  3).  (Adapted  by  permission  from  Fig.  5  of  Westin,  S.,  et  aL  (1998).  Interac¬ 
tion  controlling  the  assembly  of  nuclear-receptor  heterodimers  and  co-activators.  Nature 
395, 199-202.1 
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allosteric  inhibition  on  RXR.  Accordingly,  binding  of  the  RXR-specific 
ligand  LG69  to  RXR-RAR  heterodimers  was  induced  by  combination  of 
TTNPB  with  SRC^L  suggesting  that  activationofRAR  by  TTNPfrand 
SRC-1  permits  binding  of  ligands  to  RXR.  Consistent  with  this,  over- 
exjiression  of  SRC-1  also  enhances  transcription  induced  by  RXR-spe- 
cific  ligand  LG268  in  the  presence  of  TTNPB.  These  studies  suggest 
that  ligand  activation  of  RAR  recruits  coactivators,  which  may  relieve 
allosteric  inhibition  on  RXR,  allowing  RXR  to  bind  ligands  and  likely  to 
interact  with  coactivators.  Second,  two  LXXLL  motifs  of  SRC-1  are  re¬ 
quired  for  the  cooperative  effects  of  two  ligands  on  binding  of  SRC-1  to 
a  heterodimer  of  RXR-RAR  or  PPAR7-RXR.  This  suggests  that  each 
LXXLL  motif  may  contact  one  molecule  of  the  dimer.  Tfrird,  both  AF-2 
domains  of  the  RXR-RAR  heterodimer  are  required  for  the  cooperative 
effects  of  two  ligands  to  recruit  SRC-1.  Deletion  of  an  AF-2  helix  from 
one  receptor  partially  increases  SRC-1  binding  to  the  partner  and  com¬ 
pletely  blocks  the  cooperative  effects  of  two  ligands  to  recruit  SRC-1. 
These  data  suggest  an  inhibitory  role  of  the  AF-2  helix  on  SRC-1  bind¬ 
ing  to  the  partner  and  that  both  AF-2  domains  of  the  heterodimer  are 
required  for  cooperative  recruitment  of  SRC-1.  Fourth,  the  X-ray  crys¬ 
tal  structure  of  apo-PPAR7  reveals  that  the  AF-2  helix  of  one  PPAR7 
molecule  interacts  with  the  LXXLL  binding  pocket  of  another  PPAR7 
in  a  different,  ciystallographically  related  dimer.  Molecular  modeling 
of  the  RXR-RAR  heterodimer  shows  that  the  AF-2  helix  of  RXR  could 
be  rotated  to  contact  the  LXXLL-binding  pocket  of  RAR.  Presumably, 
such  an  interaction  would  prevent  AF-2  helix-dependent  closure  of 
the  ligand-binding  pocket  of  RXR,  suggesting  a  structural  basis  for  al¬ 
losteric  inhibition  by  RAR  on  ligand  binding  of  RXR.  Finally,  the  RXR 
AF-2  helix  is  required  for  binding  of  RXR  ligands  since  RXRA443-RAR 
heterodimer  does  not  bind  well  to  RXR-specific  ligand  in  the  presence 
of  TTNPB  and  SRC-1.  In  addition,  synthetic  coactivator  LXXLL  pep¬ 
tides  can  relieve  the  inhibition  on  RXR  ligand  binding.  A  synthetic  RXR 
AF-2  peptide  binds  to  the  unliganded  RAR  with  a  higher  affinity  than 
the  coactivator  LXXLL  peptide,  and  binding  of  RXR  AF-2  peptide  to 
RAR  is  displaced  from  RAR  by  LXXLL  peptides.  Finally,  GST-RXR-AF2 
helix  fusion  protein  binds  to  RAR  efficiently,  and  such  binding  is  in¬ 
hibited  by  SRC-1  in  the  presence  of  RAR  ligand.  In  contrast,  GST-RXR- 
AF2-helix  interacts  poorly  with  PPAR7,  consistent  with  the  observation 
that  PPAR7  does  not  inhibit  ligand  binding  of  RXR. 

Consistent  with  the  model,  mutations  in  the  AF-2  helix  of  ER  that  af¬ 
fect  its  AF-2  function  and  mutations  that  affect  dimerization  both  im¬ 
pair  SRC-1  binding  (Kalkhoven  et  al .,  1998).  For  instance,  R507A  and 
L511A  mutations  in  ER  that  do  not  affect  hormone  binding  appear  to 
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inhibit  binding  of  SRC-1  (Kalkhoven  et  al.,  1998).  Conversely,  the 
G525R  mutation,  which  still  allows  dimerization  but  is  unable  to  bind 
ligands,  also  inhibits  binding  of  SRC-1.  In  addition,  while  SRC-1  inter¬ 
acts  with  an  ER  homodimer  containing  two  functional  AF-2  domains 
in  a  gel  retardation  assay,  SRC-1  could  not  form  a  complex  with  an  ER 
homodimer  containing  defective  AF-2  helix  (Kalkhoven  et  al.,  1998). 
These  studies  suggest  that,  in  addition  to  hormone  binding  and  AF-2 
function,  homodimerization  of  ER  is  also  required  for  efficient  recruit¬ 
ment  of  SRC-1.  Together,  these  studies  support  a  hypothesis  that  one 
coactivator  molecule  interacts  simultaneously  with  two  subunits  of  the 
receptor  homo-  or  heterodimer  through  two  LXXLL  motifs  of  one  coac¬ 
tivator  molecule.  However,  another  study  using  gel  shift  assay  for  ana¬ 
lyzing  interaction  between  rTIF2  and  TR/RXR  heterodimer  concluded 
that  two  coactivator  molecules  bind  to  a  heterodimeric  receptor  com¬ 
plex  (Leers  et  al.,  1998).  Further  studies  are  necessary  to  understand 
the  exact  configuration  of  the  coactivator-receptor  complex  and  the 
possible  differences  among  different  receptor— coactivator  complexes. 


V.  Mechanism  of  Transactivation 
A.  Activation  Domains 

Modulation  of  the  transcriptional  activities  of  steroid/nuclear  recep¬ 
tors  by  coactivators  is  a  complex  process  involving  enzymatic  remodel¬ 
ing  of  chromatin  as  well  as  communication  with  basal  transcriptional 
machinery  at  specific  promoters.  One  common  property  of  transcrip¬ 
tional  coactivators  is  the  ability  to  activate  transcription  when  recruit¬ 
ed  to  a  promoter  via  protein-protein  interaction  with  DNA  binding  pro¬ 
tein.  Such  a  recruitment  event  can  be  mimicked  by  fusing  coactivator 
with  a  heterologous  DBD.  Using  Gal4-DBD  fusion,  all  three  SRC  coac¬ 
tivators  have  been  shown  to  contain  intrinsic  transcription  activation 
function  (  Li  et  al.,  1997;  Zhu  et  al.,  1996;  Tbrchia  ef  al.,  1997;  Voegel 
et  al.,  1998;  Suen  et  al.,  1998;  Hong  et  al.,  1997;  Chen  et  al.,  1997; 
Kurokawa  et  al.,  1998;  Ofiate  et  al.,  1998)  (Fig.  12).  Fusion  proteins  of 
Gal4-DBD  and  full-length  mSRC-1  (Zhu  et  al.,  1996),  GEIP1  (Hong  et 
al.,  1997),  NCoA-1  and  p/CIP  (Tbrchia  et  al.,  1997)  efficiently  activate 
transcription  from  a  Gal4~driven  promoter  in  both  mammalian  and 
yeast  cells.  Comparison  of  the  transactivation  activity  between  Gal4- 
NCoAl  and  Gal4-p/CIP  suggests  stronger  activation  function  for 
NCoA-1  than  p/CIP  (Tbrchia  et  al.,  1997).  This  is  consistent  with  a  find¬ 
ing  in  the  same  study  that  p/CIP  exhibits  three-  to  fivefold  less  coacti- 
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Fig.  12.  Transcriptional  activation  by  the  SRC  coactivator.  Transcriptional  activation 
by  RAC3  in  mammalian  cells.  The  indicated  RAC3  fragments  were  expressed  as  Gal4- 
DBD  fusion  proteins  from  the  CMV  promoter.  The  relative  fold-induction  is  determined 
by  comparing  with  activity  of  Gal4-DBD. 


vation  activity  on  RAR  and  ER  than  NCoA-1.  However,  all  three  SRC 
coactivators  contain  potent  transcriptional  activation  domains,  and 
SRC-3  and  SRC-1  have  comparable  levels  of  coactivation  function  on 
RAR,  PR,  and  TR  (Li  et  al.,  1997;  Takeshita  et  al.,  1997). 

Within  SRC-1,  three  independent  activation  domains  have  been  de¬ 
scribed.  One  study  found  the  first  activation  domain  (ADI)  at  the  N-ter- 
minal  93  amino  acids  that  cover  the  bHLH  region  (Onate  et  al.,  1998). 
However,  another  study  showed  nn  fetectsiOa  francaH-ryation  function 
with  a  fusion  ot  tia!4  DBD  and  amino  acids  1  -1 98  ofhSRC-1  (Kalkhoven 
et  dE7l998).  Therefore,  a  transcriptional  suppressor  domain  may  exist 
within  the  conserved  PAS-A  region.  The  second  activation  domain 
(AD2)  was  mapped  to  amino  acids  781-988  or  840-948  of  hSRCl 
(Onate  et  al.,  1998;  Kalkhoven  et  al.,  1998),  and  896-1200  or  947-1084 
of  NCoA-1  (mSRC-1)  (Mclnemey  et  al.,  1998;  Kurokawa  et  al.,  1998). 
The  AD2  domains  in  SRC-2  and  SRC-3  have  been  mapped  to  amino 
acids  1010-1131  of  TIF2  (Voegel  cf  al.,  1998),  1017-1179  of  RAC3  (Li 
et  al.,  1997),  1038-1088  of  ACTR  (Chen  et  al.,  1997),  and  896-1200  of 
p/CIP  (Kurokawa  et  al.,  1998).  Therefore,  the  minimal  AD2  of  SRC-3  is 
located  within  a  50-aa  fragment.  Direct  comparison  of  the  AD2  activi¬ 
ty  between  p/CIP  and  NCoA-1  shows  that  they  can  activate  transcrip- 
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tion  equally  well  (Kurokawa  et  al.,  1998).  In  addition  to  ADI  and  AD2 
domains,  a  third  activation  domP1’"  (AD31aca&nbsfiiyed  in  all  three  SRC 
cnactivatnr^  Thp  A  TV*  domain  hppn  mapped  tr>  amino  acid  residues 
1241-T5#5~of  SRC-la  (Kalkhoven  et  al.,  1998).  In  contrast,  little  acti¬ 
vation  was  observed  with  amino  acid  948-1441  or  1241-1441  fragment 
of  SRC-la  (Onate  et  al.,  1998;  Kalkhoven  et  al.,  1998).  Therefore,  the  C- 
terminal  56  amino  acids  may  inhibit  transactivation  of  AD3  (Kalkhoven 
et  al.,  1998).  This  putative  C-terminal  suppressor  domain  contains  a 
LXXLL  motif  that  can  interact  with  liganded  receptors;  it  is  conceivable 
that  protein-protein  interaction  of  this  LXXLL  motif  with  the  receptors 
might  regulate  AD3  activity.  It  is  currently  unclear  whether  a  similar 
suppressor  domain  exists  in  SRC-2  or  SRC-3.  However,  both  SRC-2  and 
SRC-3  lack  a  C-terminal  LXXLL  motif,  suggesting  that  the  mechanism 
of  transcriptional  activation  may  differ  among  members  of  the  SRC 
coactivator  family. 


B.  Interaction  with  CBP/p300 

The  ability  of  SRC  coactivator  to  activate  transcription  has  been 
linked,  at  least  in  part,  to  interaction  with  CBP/p300.  The  interaction 
between  SRC  and  CBP/p300  was  first  revealed  by  identification  of 
SRC-1  as  a  CBP/p300  binding  protein  (Yao  et  al.,  1996;  Kamei  et  al., 
1996).  Amouse  cDNA fragment  encoding  amino  acid  residues  789-993 
of  SRC-1  was  isolated  in  a  search  for  p300-binding  proteins  in  a  yeast 
two-hybrid  screen  (Yao  et  al.,  1996).  The  association  of  mSRC-1  with 
p300  has  been  confirmed  by  GST  pull-down,  coimmunoprecipitation, 
and  subcellular  colocalization  assays,  and  the  interaction  surface  on 
p300  was  mapped  to  the  C-terminal  308  amino  acids  (Yao  et  al.,  1996). 
In  addition,  mSRC-1  was  also  isolated  as  a  CBP  interacting  protein  in 
a  far-Westem-based  screening  (Kamei  et  al.,  1996).  In  addition  to  in¬ 
teraction  with  nuclear  receptors  through  the  N-terminal  region  of  CBP/ 
p300,  the  C-terminal  fragment  between  amino  acids  2058-2163  of  CBP 
appears  to  interact  with  SRC  coactivators.  Similarly,  SRC-2  and  SRC- 
3  have  also  been  shown  to  interact  with  CBP/p300  (Torchia  et  al.,  1997; 
Voegel  et  al.,  1998;  Li  and  Chen,  1997).  The  CBP/p300  interacting  do¬ 
main  of  TIF2  was  mapped  to  amino  acids  1010-1131  by  GST  pull-down 
assay  (Voegel  et  al.,  1998).  Similarly,  the  CBP  interacting  domain  of 
RAC3  was  mapped  to  amino  acids  1017-1179  by  far-Westem  analysis 
(Li  and  Chen,  1997)  (Fig.  13),  or  to  amino  acids  947-1084  of  p/CIP  in 
yeast  two-hybrid  assay  Obrchia  et  al.,  1997). 

The  CBP/p300  interacting  domain  of  the  SRC  coactivator  contains 
three  conserved  regions  similar  to  the  LXXLL  motifs  involved  in  re- 
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Fig.  13.  SRC  coactivator  interacts  with  CBR  Coomassie  blue  staining  of  the  purified 
GST-CBP  fusion  proteins  (top).  The  interaction  of  full-length  RAC3  with  GST-CBP  frag¬ 
ments  was  probed  in  a  far-Westem  blot.  The  A  to  F  fragments  of  CBP  contain  amino  acid 
residues  1678-1880,  1801-2000,  1921-2120,  2041-2240,  2161-2360,  and  2301-2441, 
respectively. 


ceptor  interaction  (Fig.  5).  The  role  of  these  LXXLL  motifs  in  mediat¬ 
ing  the  interaction  with  CBP/p300  has  been  analyzed  (Voegel  et  al., 
1998;  Mclnemey  et  al.,  1998).  In  one  study,  individual  deletion  of  motif 
iv,  motif  v,  or  motif  vi  of  TIF2  has  no  significant  effect  on  CBP  interac¬ 
tion  (Voegel  et  al.,  1998).  However,  mutation  of  three  leucines  in  the 
LLXXL  core  of  motif  v  to  alanines,  but  not  alteration  of  the  middle  XX 
residues  to  alanines,  significantly  reduces  CBP  interaction  with  TIF2 
(Voegel  et  al.,  1998),  suggesting  that  motif  v  is  important  for  CBP 
interaction.  In  contrast,  mutation  of  motif  iv  of  NCoA-1  from  LXXLL 
to  LAAAA  impairs  NCoA-l’s  capability  to  rescue  IgG-inhibited  RAR 
transactivation,  while  mutation  of  motif  v  had  no  effect  (Mclnemey  et 
al.,  1998).  Double  mutation  of  motif  iv  and  motif  v  completely  blocks  the 
ability  of  NCoA-1  to  rescue  transactivation  by  RAR,  TR,  and  PPARy. 
The  motif  iv  and  v  double  mutant  also  fails  to  interact  with  CBP  (Mcln¬ 
emey  et  al.,  1998).  These  data  suggest  that  the  conserved  LXXLL  mo¬ 
tifs  within  the  CBP  interacting  domain  of  SRC  coactivators  play  an  im¬ 
portant  role  in  mediating  the  interaction.  It  appears  that  motif  iv  is 
more  important  for  SRC-1,  while  motif  v  is  most  critical  for  TIF2  in  CBP 
binding.  Conversely,  multiple  helices  within  the  SRC  interacting  do¬ 
main  of  CBP  are  required  to  various  degrees  for  interaction  with  NCoA- 
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1  (Mclnemey  et  al.,  1998).  A  single-point  mutation  K2109A  in  CBP  sig¬ 
nificantly  impairs  its  interaction  with  NCoA-1.  The  predicted  structure 
of  the  SRC-int.ftrartincr  Hnmflin  on  CBP  suggests  a  hydrophobic  binding 
pocket.  analogous to thenuclear ffeCfePtOr-blnHIng pocket. bv whichlhe 
LXXLL  irin^fg  tn  (TRP/p300-  ’Reeanse  interactions  between 

CREB  and  the  KEX  domains  of  CBP  are  dependent  on  phosphorylation, 
analogous  induced-fit  events  may  also  regulate  the  interaction  between 
SRC  and  CBP/p300. 


Comparison  of  the  CBP/p300-interacting  domain  and  the  AD2  do¬ 
main  of  the  SRC  coactivator  indicates  that  these  two  domains  overlap 
with  one  another  (Li  and  Chen,  1997;  Mclnemey  et  al.,  1996;  Voegel  et 
al.,  1998).  Mutations  of  TIF2  that  affect  CBP  interaction  also  inhibit 
transcriptional  activation  (Voegel  et  al.,  1998).  By  analyses  of  13  dele¬ 
tion  mutants  and  2  point  mutants  generated  within  residues  1011- 


1122  of  TIF2.  all  mutants  that  retain  the  ability  to  interact  with  CBP 
also  activate  transcription.  In  particular,  point  mutation  within  motif 
v  of  TIF2  that  replaces  the  three  leucines  with  alanines  affects  both 
CBP  interaction  and  transcriptional  activation.  Accordingly,  the  TIF2 
(LLL)  mutant  showed  diminished  ER  coactivation  function  (Voegel  et 
al.,  1998).  These  studies  suggest  that  interaction  with  CBP  may  un¬ 
derscore  the  ability  of  TIF2  to  activate  transcription. 

The  requirement  of  CBP  for  transcriptional  activation  by  SRC-1 
(NCoA-1)  and  for  enhancing  transcription  by  nuclear  receptors  has  also 
been  analyzed  by  microinjection  assay  (Mclnemey  et  al.,  1998).  Muta¬ 
tion  of  the  two  LXXLL  motifs  Civ  and  v)  within  NCoAl  appears  to  abol¬ 
ish  the  function  of  NCoA-1  in  both  CBP  interaction  and  coactivation  for 
RAR,  TK,  and  PPAR-y.  Furthermore,  injection  of  anti-CBP  IgQ  also 
abolishes  transcriptional  Sctivation  by  NCoA-1.  Therefore.  CBP/p300 
interaction  is  essential  for  transcriptional  activation  and  coactivation 
function  of  SRC-1.  Accordingly,  microinjection  of  anti-CBP  IgG  inhibits 
RA-dependent  transactivation,  indicating  that  CBP  is  required  for  RAR- 
mediated  transactivation.  Because  the  N  terminus  of  CBP/p300  also  in¬ 
teracts  with  nuclear  receptors,  the  relative  contribution  of  nuclear  re¬ 
ceptor  interacting  domain  and  the  SRC  interacting  domain  on  RAR 
transactivation  was  tested  by  antibody  microinjection  and  rescue  ex¬ 
periment.  It  appears  that  the  nuclear  receptor  interacting  domain  of 
CBP  is  not  required  to  stimulate  RAR  transactivation.  In  contrast,  the 
SRC  interacting  domain  is  essential  for  stimulating  RAR  transactiva¬ 
tion  (Mclnemey  et  al.,  1998).  These  results  are  in  agreement  with  a 
bridging  hypothesis  that  SRC  coactivators  function  by  recruiting  CBP/ 
p300  coactivators  to  specific  promoters. 
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C.  Interaction  with  P/CAF 

In  addition  to  CBP/p300,  SRC-1  and  ACTR  have  also  been  shown  to 
interact  with  P/CAF,  a  p300/CBP-associated  histone  acetyltransferase 
(Spencer  et  al,  1997;  Chen  et  al,  1997).  P/CAF  appears  to  interact  with 
SRC-1  fragment  spanning  residues  1027-1139  and  1139-1250,  sug¬ 
gesting  two  independent  interaction  regions  for  P/CAF  (Spencer  et  al., 
1997).  A  Gal4-P/ACF  fusion  protein  also  interacts  with  SRC-1  frag¬ 
ments  360-1139, 1138-1441,  and  1216-1441  in  a  mammalian  two-hy¬ 
brid  assay.  Similar  to  SRC-1,  ACTR  was  also  shown  to  interact  with  P / 
CAF  (Chen  et  al,  1997).  The  interaction  between  P/CAF  and  ACTR  was 
shown  by  both  GST  pull-down  and  yeast  two-hybrid  assays  (Chen  et  al., 
1997).  The  ability  of  both  SRC-1  and  ACTR  to  interact  independently 
with  CBP/p300  and  P/CAF  provides  a  molecular^ scaffold  to  bridge  fee 
HAT  protein  complex  to  DNA-bound  steroid/nuclear  receptors.  Howev¬ 
er,  the  interaction  of  SRC  coactivators  with  P/CAF  does  not  correlate 
with  the  transcriptional  activity  of  SRC  coactivators  since  the  tran¬ 
scriptional  activation  domain  and  P/CAF  interacting  region  are  sepa¬ 
rable  (Chen  et  al.,  1997).  In  addition,  fusion  of  P/CAF  with  Gal4-DBD 
is  unable  to  activate  transcription,  suggesting  that  histone  acetylation 
alone  is  not  sufficient  for  transcriptional  activation  by  SRC  coactivators 
or  P/CAF. 


D.  Histone  Acetylation  by  SRC  Coactivators 

Transcriptional  coactivators  are  thought  to  stimulate  transcription 
by  facilitating  the  assembly  of  active  basal  transcriptional  machinery. 
How  SRC  coactivators  gain  access  to  the  repressed  chromatin  remains 
largely  unknown.  Transcriptionally  active  chromatin  usually  contains 
hyperacetylated  histones  (Brownell  and  Allis,  1996;  Wade  et  al.,  1997). 
Accordingly,  several  transcriptional  coactivators  including  the  general 
coactivators  CBP/p300  and  its  associated  protein  P/CAF  are  potent  hi¬ 
stone  acetyltransferases  (Yang  et  al.,  1996;  Bannister  and  Kouzarides, 
1996;  Ogryzko  et  al.,  1996).  Interestingly,  both  SRC-i  and  ACTR  also 
exhibit  moderate  intrinsic  histone  acetyltransferase  activity  (Spencer 
et  al,  1997;  Chen  et  al.,  1997)  and  are  capable  of  acetylating  free  and 
mononucleosomal  histones  with  substrate  preference  on  histones  H3 
and  H4. 

Histone  acetylation  by  SRC-1  was  first  demonstrated  in  a  filter¬ 
binding  assay  using  SRC-1  immunoprecipitates  obtained  from  COS 
cell  extract  (IP-HAT)  (Spencer  et  al.,  1997)  (Fig.  14A).  The  intrinsic 
HAT  activity  of  SRC-1  was  confirmed  by  an  active  gel  assay  in  which 
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the  immunoprecipitate  was  resolved  by  SDS-PAGE,  and  the  HAT  ac¬ 
tivity  of  individual  polypeptide  was  determined.  Intrinsic  HAT  activi¬ 
ty  was  also  detected  with  ACTR  expressed  in  a  baculovirus  system 
(Chen  et  al.,  1997).  The  HAT  activity  of  ACTR  was  confirmed  by  re¬ 
solving  the  purified  ACTR  on  a  glycerol  gradient  and  analyzing  the 
HAT  activity  of  each  fraction,  which  revealed  cofractionation  of  HAT 
activity  and  ACTR  protein.  It  remains  unclear  whether  SRC-2  (GRIP1/ 
TIF2)  also  contains  HAT  activity  or  interacts  with  P / CAF  (Voegel  etal., 
1998). 

The  HAT  domains  were  mapped  to  the  C-terminal  fragments  at  1107- 
1441  and  1029-1292  of  hSRC-1  and  ACTR,  respectively  (Chen  et  al., 
1997;  Spencer  et  al.,  1997).  The  HAT  domain  of  ACTR  lies  between  two 
activation  domains,  indicating  that  the  HAT  activity  is  not  directly  re¬ 
sponsible  for  transcriptional  activation  by  ACTR.  Therefore,  histone 
acetylation  by  SRC-1,  ACTR,  and  P/CAF  appears  to  be  insufficient  for 
transcriptional  activation.  Perhaps  transcriptional  activation  by  lig- 
anded  nuclear  receptors  may  involve  a  highly  coordinated  multistep  ac¬ 
tion  that  could  be  facilitated  by  the  SRC  coactivators.  Unlike  CBP  that 
acetylates  H2A  and  H2B  in  addition  to  H3  and  H4  (Ogryzko  et  al.,  1996; 
Bannister  and  Kouzarides,  1996),  both  SRC-1  and  ACTR  acetylate  only 
H3  and  H4  with  a  preference  for  H3  (Chen  ef  al.,  1997;  Spencer  et  al., 
1997).  This  acetylation  occurs  on  both  free  form  and  mononucleosomal 
histones,  and  packing  of  histones  into  nucleosome  severely  reduces  the 
efficacy  of  acetylation.  In  addition,  the  acetylation  sites  have  been  iden¬ 
tified  using  synthetic  peptides  corresponding  to  the  N-terminal  tails  of 
H3  and  H4  (Spencer  et  al.,  1997).  The  H3  peptide  with  preacetylated 
lysines  9  and  18  remains  as  good  substrate,  but  preacetylation  of 
lysines  9  and  14  inhibits  SRC-l-mediated  acetylation.  Thus,  lysine  14 
and  perhaps  lysine  9  of  histone  H3  are  the  preferred  sites  for  acetyla¬ 
tion  by  SRC-1  (Fig.  14B).  It  is  currently  unknown  whether  ACTR  acety¬ 
lates  distinct  sites  on  histones,  and  if  acetylation  by  SRC-1  and  ACTR 
may  have  different  functional  consequences. 

E.  Interaction  with  Cyclin  D1 

Cyclin  D1  forms  complexes  with  CDKs  in  response  to  mitogenic  stim¬ 
ulation  and  regulates  £gll  pi-nfTmocir.n  through  the  G1  phase.  Im¬ 
portantly,  cyclin  D1  is  amplified  and  overexpressed  in  several  human 
malignancies.  Elevated  levels  of  cvclin  D1  are  observed  in  up  to  50%.of 
human  breast  cancers  (Donnellan  and  Chetty,  1998;  Beijersbergen  and 
Bernards,  1996).  Cyclin  D1  has  been  shown  to  interact  and  enhance  ER- 
mediated  transactivation  in  a  ligand-  and  CDK-independent  manner 
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(Neuman  et  al.,  1997;  Zwijsen  et  al.,  1997).  Recently,  cyclin  D1  was 
shown  to  recruit  SRC-1  to  ER  in  the  absence  ofligand  C&WlJseuef  6.1. , 
1998),  accounting  at  least  partly  for  ligand-independent  activation  of 
ER.  Cyclin  D1  mutant  that  fails  to  interact  with  SRC-1  inhibits  cyclin 
D  1-dependent  but  ligand-independent  transactivation  by  ER.  These 
studies  suggest  that  SRC  coactivators  may  form  complexes  with  cell  cy¬ 
cle  regulatory  proteins  to  precisely  control  gene  expression  at  different 
stages  of  the  cell  cycle. 

The  ability  of  cyclin  D1  to  enhance  ER  transactivation  is  dependent 
on  a  C-terminal  region  containing  a  LLXXXL  motif,  which  resembles 
a  motif  in  the  C-terminal  AF-2  helix  of  ER.  Disruption  of  the  LLXXXL 
motif  of  cyclin  D1  impairs  cyclin  Dl-dependent  transcriptional  activa¬ 
tion  of  ER,  although  the  mutant  protein  still  binds  to  the  unliganded 
ER.  Interestingly,  cyclin  Dl-dependent  transactivation  does  not  seem 
to  rely  on  the  AF-2  function  of  ER,  and  the  SRC-1  dominant  negative 
mutant  containing  only  the  C-terminal  LXXLL  motif  markedly  re¬ 
pressed  the  cyclin  Dl-induced  activation  of  the  ER  AF-2  mutant.  These 
data  suggest  a  functional  interaction  between  cyclin  D1  and  SRC-1.  As 
expected,  wild-type  but  not  the  LLXXXL  mutant  of  cyclin  D1  interacts 
with  SRC-1  and  AIB1  in  a  coimmunoprecipitation  assay  and  such  in¬ 
teractions  appear  to  be  direct.  Interestingly,  the  LXXLL  motifs  of  SRC- 
1,  which  mediate  the  interaction  between  SRC-1  and  nuclear  receptors, 
also  interact  with  cyclin  Dl.  Motif  iii  of  SRC-1  appears  to  interact  with 
cyclin  Dl  preferentially  (Zwijsen  ef  al.,  1998),  in  contrast  to  the  prefer- 

< - 

Fig.  14.  SRC  coactivators  are  histone  acetyltransferases.  (A)  Mapping  of  the  HAT  do¬ 
main  of  SRC-1.  The  position  of  domains  for  the  bHLH,  PAS,  serine/threonine  (S/T)-rich, 
glutamine(Q)/rich  and  dominant-negative  (DN)  regions  are  as  indicated.  White  and  black 
bars  denote  regions  of  SRC-1  without  and  with  HAT  activity,  respectively,  as  determined 
by  the  filter-binding  HAT  assay  of  GST-SRC-1  fusion  proteins.  The  indicated  portions  of 
SRC-1  were  expressed  as  GST  fusion  proteins  in  Escherichia  coli  (383-568,  383-841, 
782-1139, 1107-1441),  yeast  (1-399, 1216-1441),  or  insect  cells  (383-841)  and  subse¬ 
quently  purified  using  glutathione-Sepharose  beads.  The  GST  control  protein  was  ex¬ 
pressed  in  E.  colL  About  2  pmol  of  GST  control  or  indicated  GST-SRC-1  fusion  proteins 
was  tested  for  the  ability  to  ace ty late  free  histones  in  a  filter-binding  assay  using 
[3H]acetyl-CoA.  (B)  SRC-1  preferentially  acetylates  amino-terminal  peptide  tails  of  his¬ 
tones  H3  and  H4.  Acetylation  of  histone  N-terminal  peptides  by  GST-SRC  (1107-1441) 
was  assessed  by  measuring  3H-acetate  incorporation  using  the  filter  binding  assay.  For 
each  peptide  substrate  and  H1/H5-S  tripped  chicken  mononucleo  somes,  incubations  with 
2  pmol  GST  (white  bars)  or  GST-SRC  (1107-1441)  (black  bars)  were  done  in  parallel.  Sites 
where  tf-acetyllysine  was  incorporated  during  peptide  synthesis  in  order  to  mimic  sites 
that  are  acetylated  in  vivo  are  indicated  by  (Ac).  All  peptides  were  MAP  reagents,  except 
diacetyl(9/14)-H3  peptide,  which  was  synthesized  with  a  C-terminal  cysteine.  [Adapted 
by  permission  from  Figs.  2  and  3  of  Spencer,  T.  E.,  et  al.  (1997).  Steroid  receptor  coacti- 
vator-1  is  a  histone  acetyltransferase.  Nature  389,  194-198.) 
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ence  of  motif  ii  for  interaction  with  ER  (Heery  et  al.,  1997).  Therefore, 
various  LXXLL  motifs  of  SRC-1  may  display  specificity  for  protein-pro¬ 
tein  interaction  with  nuclear  receptors  and  cyclin  Dl,  permitting  si¬ 
multaneous  interaction  of  SRC-1  with  both  cyclin  Dl  and  ER.  This  ob¬ 
servation  may  explain,  at  least  partly,  the  multiplicity  of  the  LXXLL 
motifs  in  SRC  coactivators.  The  ability  of  cyclin  Dl  to  bind  and  activate 
ER  and  to  interact  with  SRC-1  suggests  an  adaptor  function  for  cyclin 
Dl  between  unliganded  ER  and  SRC-1  in  the  absence  of  ligand.  The  for¬ 
mation  of  such  a  ternary  complex  also  occurs  on  DNA-bound  ER,  sug¬ 
gesting  that  cyclin  Dl  can  promote  ligand-independent  transactivation 
of  ER  by  recruiting  SRC  coactivators  to  target  genes.  Physiologically, 
cyclin  Dl  mutant  that  fails  to  interact  with  SRC-1  appears  to  inhibit 
ER  transactivation  in  breast  cancer  cells,  suggesting  an  involvement  of 
both  cyclin  Dl  and  SRC  coactivators  on  ER-mediated  transactivation 
in  breast  cancer  cells. 

The  preceding  observations  suggest  that  cyclin  Dl  may  provide  a  sin¬ 
gle  site  for  interaction  with  LXXLL  motif  iii  of  the  SRC  coactivator  in 
the  absence  of  ligand.  Upon  ligand  binding  of  ER,  a  second  binding  site 
is  formed  on  ER  for  interaction  with  the  LXXLL  motif  ii  of  the  SRC  coac¬ 
tivator.  This  model  may  partly  explain  the  synergistic  action  of  estra¬ 
diol  and  cyclin  Dl  on  ER  activation.  However,  because  unliganded  ER 
also  forms  complexes  with  heat  shock  proteins  and  liganded  ER  binds 
to  DNA  as  homodimer,  the  precise  mechanism  of  synergism  between  cy¬ 
clin  Dl  and  SRC  coactivators  in  ER  activation  remains  unclear.  Never¬ 
theless,  because  cyclin  Dl  and  AIB1  are  overexpressed  frequently  in 
breast  cancer  cells,  the  synergistic  action  of  cyclin  Dl  and  SRC  coacti¬ 
vator  may  have  significant  contribution  to  ER-dependent  cell  growth 
and  proliferation  of  breast  cancer  cells. 


VI.  SRC  Function  and  Specificity 

The  existence  of  three  related  SRC  coactivators  with  similar  proper¬ 
ty  in  transcriptional  activation  and  steroid/nuclear  receptor  interaction 
suggests  a  redundant  mechanism  for  coactivator  function.  In  fact,  all 
three  SRC  coactivators  interact  and  activate  multiple  steroid/nuclear 
receptors.  However,  several  studies  have  also  provided  evidence  that 
each  SRC  coactivator  may  exhibit  a  specific  mode  of  function  to  pre¬ 
cisely  control  transcriptional  activation  mediated  by  steroid/nuclear 
receptors  and  other  classes  of  transcription  factors.  This  section  dis¬ 
cusses  the  possible  function  and  specificity  of  members  of  the  SRC  coac¬ 
tivator  family. 
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A.  Expression  Patterns 

lb  understand  the  physiologic  function  of  SRC  coactivators,  the  ex¬ 
pression  patterns  of  each  SRC  coactivator  have  been  analyzed  and  com¬ 
pared.  The  SRC-1  message  was  detected  ubiquitously  in  many  tissues 
(Li  and  Chen,  1997;  Misiti  et  al.,  1998;  Zhu  et  al.,  1996;  Yao  et  al.,  1996). 
The  expression  of  SRC-1  is  relatively  high  in  skeletal  muscle,  heart, 
brain,  and  pancreas,  and  low  in  lung,  liver,  and  kidney  (Fig.  15).  In  a 
Northern  blot  assay,  two  SRC-1  messages  of  distinct  sizes  were  detect¬ 
ed,  with  the  longer  form  (8  kb)  more  abundant  than  the  shorter  form  (7 
kb).  The  identity  of  these  two  forms  is  currently  unclear,  but  they  like¬ 
ly  represent  the  SRC-la  and  SRC-le  isoforms,  respectively.  In  contrast 
to  the  expression  of  SRC-1,  expression  of  RAC3  (SRC-3)  is  highly  re¬ 
stricted  (Fig.  15).  The  relative  abundance  of  TIF2  message  in  human 
tissues  is  similar  to  that  of  RAC3  (Li  and  Chen,  1997).  Both  TIF2  and 
RAC3  are  highly  expressed  in  placenta,  uterus,  mammary  gland,  pitu¬ 
itary,  testis,  heart,  skeletal  muscle,  and  pancreas,  but  at  lower  levels  in 
brain,  lung,  liver,  kidney,  and  bone  marrow  (Li  and  Chen,  1997;  Chen 
et  al.,  1997;  Takeshita  et  al.,  1997;  Suen  et  al.,  1998).  Interestingly, 
mouse  SRC-2  (GRIP1)  and  SRC-3  (p/CIP)  were  detected  ubiquitously 
in  many  murine  tissues,  including  lung,  brain,  heart,  liver,  and  testis 


Fig.  15.  Expression  patterns  of  SRC-3  coactivators.  Human  multiple  tissue  Oeft)  and 
cancer  cell  (right)  Northern  blots  (Clontech  Inc.)  were  sequentially  hybridized  with  a  S2P- 
labeled  RAC3  and  SRC-1  probes. 
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(Torchia  et  al.,  1997).  Therefore,  the  expression  patterns  of  the  SRC 
coactivators  may  differ  among  different  species.  For  instance,  TIF2 
message  is  low  in  human  kidney,  liver,  and  lung,  but  the  corresponding 
mouse  tissues  express  high  levels  of  TIF2.  Similarly,  SRC-3  appears  to 
be  ubiquitously  expressed  in  mouse  tissues  (Torchia  et  al.,  1997),  while 
expression  of  SRC-3  is  highly  restricted  in  human  tissues  (Li  and  Chen 
et  al.,  1997;  Chen, 1997).  Consistent  with  the  species-specific  distribu¬ 
tion,  Xenopus  SRC-3  is  highly  expressed  in  adult  liver  (Kim  et  al.,  1998), 
where  SRC-3  is  virtually  undetectable  in  human.  These  results  suggest 
that  the  expression  of  SRC  coactivators  may  differ  in  different  species, 
reflecting  a  potential  functional  difference  for  specific  SRC  coactivators 
in  different  species. 

The  expression  levels  of  each  SRC  coactivator  also  vary  significantly 
in  different  cancer  cell  types.  SRC-3  is  highly  expressed  in  Burkitfs 
lymphoma  Raji  cells,  and  moderately  expressed  in  epithelioid  carcino¬ 
ma  HeLa  cells,  chronic  myelogenous  leukemia  K-562  cells,  colorectal 
adenocarcinoma  SW480  cells,  and  the  melanoma  G361  cells  (Chen  et 
al.,  1997;  Li  and  Chen,  1997;  Misiti  et  al.,  1998).  The  cell-type  expres¬ 
sion  pattern  of  SRC-2  (TIF2)  is  similar  to  that  of  SRC-3  with  the  high¬ 
est  expression  in  the  Raji  cells.  In  contrast,  SRC-1  is  expressed  at  high 
levels  in  K-562  and  SW480  cells,  but  low  in  HL60,  HeLa,  MOLT-4,  Raji, 
A549,  and  G361  cells.  In  addition,  SRC-1  message  was  also  detected  in 
many  other  cell  types,  including  GH3,  AtT20,  Rati,  NIH3T3,  293, 
COS7,  CHO-K1,  and  CV-1,  with  relatively  higher  level  in  the  pituitary 
GH3  cells  (Misiti  et  al.,  1998).  Both  SRC-la  and  SRC-le  were  also  de¬ 
tected  in  many  cell  lines  analyzed  by  Rnase  protection  assay  (Kalkhoven 
et  al.,  1998).  These  studies  indicate  that  SRC  coactivators  are  widely 
expressed  in  different  cell  types,  suggesting  a  wide  spreading  function 
for  SRC  coactivators.  The  differential  expression  of  SRC  coactivators 
suggests  that  each  member  of  the  SRC  coactivators  might  serve  as  a 
primary  coactivator  for  a  subset  of  receptors  in  a  given  tissue  or  cell 
type.  Currently,  which  coactivator  is  involved  in  a  particular  hormonal 
signaling  pathway  remains  to  be  determined. 

It  is  likely  that  the  expression  level  of  both  the  receptors  and  coacti¬ 
vators  and  possibly  their  interactions  with  other  transcriptional  regu¬ 
lators  will  play  an  important  role  to  control  a  precise  level  of  gene  ex¬ 
pression  in  response  to  specific  hormones.  Frequently,  the  expression  of 
receptor  gene  is  autoregulated  by  the  hormone  that  binds  to  and  acti¬ 
vates  the  receptor.  For  instance,  expression  of  RAR|3  is  upregulated  by 
RAR  ligand  RA  (de-Thd  et  al.,  1989).  Interestingly,  the  expression  of  the 
coactivator  RAC3  appears  to  be  upregulated  by  RA  as  well  (Li  and 
Chen,  1997).  Similarly,  T3  treatment  also  produces  an  increase  in  SRC- 
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1  mRNA  level  in  GH3  cells,  as  well  as  in  the  pituitary  gland  of  adult 
rats  (Misiti  et  al.,  1998).  Therefore,  it  is  possible  that  autoregulation  of 
expression  of  SRC  coactivators  may  add  another  level  of  complexity  for 
cells  to  control  gene  expression  induced  by  hormones  (Fig.  16). 

B.  Coactivator  Function 

Many  studies  have  established  the  function  of  SRC  coactivators  for 
enhancing  ligand-dependent  transcriptional  activity  of  steroid/nuclear 
receptors  ( Jeyakumar  et  al.,  1997;  Henttu  et  al.,  1997;  Zhuef  al.,  1996; 
Mclnemey  et  al.,  1996;  Smith  et  al.,  1996).  Transient  transfection  has 
been  widely  utilized  to  show  the  coactivation  function  of  SRC  coactiva¬ 
tors.  For  instance,  transfection  of  SRC-1  enhances  progesterone-stim¬ 
ulated  transactivation  by  PR,  while  transfection  of  SRC-1  has  little  ef¬ 
fect  on  RU-486  antagonist  bound  PR  (Onate  et  al.,  1995).  It  has  been 
shown  that  overexpression  of  SRC-1  results  in  enhancement  of  ER,  GR, 
TR,  PPAR,  and  RXR  transcriptional  activities,  but  has  no  effect  on  E2F- 
or  forskolin-stimulated  transcription  (Onate  et  al.,  1995;  DiRenzo  et  al., 
1997;  Zhu  et  al.,  1996).  Overexpression  of  SRC-1  can  also  reverse  the 
inhibitory  effect  of  E2  on  R5020-stimulated  transcription,  and  the  C- 
terminal  receptor-interacting  domain  alone  inhibits  hormone-stimu¬ 
lated  PR  and  TR  transactivation  (Onate  et  al.,  1995).  Similarly,  SRC-2 
(GRIP1/TIF2)  and  SRC-3  (RAC3/p/CIP/ACTR/AIBl/TRAM-l)  also  ex- 


Fig.  16.  Model  of  coactivator  auto  regulation.  After  ligand  binding,  the  KXR-RAR  het¬ 
erodimer  recruits  a  coactivator  complex  that  contains  members  of  the  SRC  family  pro¬ 
teins,  CBP/p300  and  P/CAF.  Because  both  RAR  and  RAC3  transcripts  are  elevated  by 
RA  treatment,  the  increased  concentration  of  the  two  proteins  should  further  amplify  the 
transcriptional  responses,  leading  to  a  high  level  of  gene  induction. 
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hibit  similar  coactivation  function.  Although  the  relative  fold  of  en¬ 
hancement  depends  on  experimental  conditions,  these  studies  suggest 
that  SRC  coactivators  are  limiting  cofactors  shared  by  members  of  the 
steroid/nuclear  receptor  family. 

The  function  of  SRC  coactivators  in  transcriptional  activation  by 
steroid/nuclear  receptors  and  other  classes  of  transcription  factors  has 
also  been  extensively  analyzed  by  microinjection  assay.  Injection  of 
anti-SRC-1  (NCoA-1)  IgG  completely  inhibits  RA  stimulated  transcrip¬ 
tion  (Fig.  6)  (Korzus  et  al.,  1998).  Interestingly,  such  IgG-dependent  in¬ 
hibition  could  be  rescued  by  coinjection  of  a  NCoA-1  expression  vector. 
Similarly,  anti-SRC-1  IgG  also  inhibits  transactivation  by  troglitazone- 
stimulated  PPAR-y  (Westin  et  al.,  1998),  estradiol-stimulated  ER,  triac- 
stimulated  TR,  or  progesterone-stimulated  PR  (Tbrchia  et  al.,  1997).  In 
contrast,  injection  of  anti-SRC-1  IgG  had  no  effect  on  transactivation 
from  Spl-dependent  or  CMV  promoters  (Tbrchia  et  al.,  1997),  or  from 
cAMP-stimulated  CREB  or  interferon  -/-stimulated  STAT-l-dependent 
promoters  (Korzus  et  al.,  1998),  suggesting  the  specificity  of  this  assay. 
Paradoxically,  injection  of  anti-NCoA-2  (SRC-2)  IgG  had  no  effect  on 
RA-dependent  transcription  (Tbrchia  et  al.,  1997),  contradicting  tran¬ 
sient  transfection  data  (Hong  et  al.,  1997;  Voegel  et  al.,  1998).  Injection 
of  anti-p/CIP  (SRC-3)  IgG  appears  to  have  a  profound  inhibitory  effect 
on  not  only  all  steroid/nuclear  receptors  tested  (RAR,  ER,  TR,  PR),  but 
also  on  interferon  y  and  cAMP-dependent  transcriptional  activation 
(Tbrchia  et  al.,  1997;  Korzus  et  al.,  1998).  These  studies  suggest  a  broad¬ 
er  role  for  p/CIP  (SRC-3)  in  different  signaling  pathways  than  SRC-1 
and  SRC-2,  consistent  with  the  hypothesis  that  p/CIP  is  a  component 
of  the  CBP/p300  cointegrator  complex  (Tbrchia  et  al.,  1997). 

By  performing  IgG  microinjection  together  with  a  rescuing  expres¬ 
sion  vector  for  either  wild-type  or  mutant  coactivator,  the  domain  re¬ 
quirement  and  functional  redundancy  of  the  three  SRC  coactivators 
have  been  revealed.  First,  coinjection  ot  wild-type  SRC-1  expression 
ve'ctor  emciently  restores  RA-dependent  transcription  abrogated  by 
anti-SRC-1  IgG  (Fig.  6).  It  appears  that,  in  addition  to  SRC-1,  SRC-2 
(NCoA-2)  but  not  SRC-3  (p/CIP)  also  restores  the  anti-SRC-1  IgG-in- 
hibited  transcription  from  a  RA-dependent  promoter  (Tbrchia  et  al., 
1997),  suggesting  a  functional  redundancy  between  SRC-1  and  SRC-2, 
but  not  with  SRC-3.  Interestingly,  the  inhibition  of  RA-dependent  tran- 
scription  by  p/CIP  IgG  could  only  be  rescued  by  coinjection  ot  both  p/ 
CIP  and  CBP  expression  vectors.  Coiniection  of  individual  expression 
vector  for  NCoA-1,  NCoA-2,  or  even  p/CIP  or  CBP  could  not  restore  RA- 
dependent  transcription  abrogated  by  anti-p/CIP  IgG  (Tbrchia  et  al., 
1997).  These  studies  are  consistent  with  the  idea  that  both  NCoA-1  and 
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the  CBP/p300/p/CIP  complex  are  independently  required  for  gene  ac¬ 
tivation  by  steroid/nuclear  receptors  (Fig.  17).  In  addition,  both  LXXLL 
motif  ii  and  motif  iii  mutants  of  SRC-1  were  unable  to  restore  IgG-in- 
hibited  transactivation  by  RAR,  while  only  motif  ii  but  not  motif  iii  mu¬ 
tation  failed  to  restore  ER  transactivation.  These  data  indicate  that 
both  motif  ii  and  iii  are  essential  for  transactivation  by  RAR,  while  mo¬ 
tif  iii  is  not  required  for  transactivation  by  ER  but  motif  ii  is  essential 
(Torchia  et  al.,  1997).  These  results  also  indicate  a  differential  require¬ 
ment  for  each  LXXLL  motif  in  transcriptional  activation  by  specific 
steroid/nuclear  receptors.  Furthermore,  the  dominant  negative  effect 
of  either  receptor-interacting  or  transcriptional  activation  domain  of  p/ 
CEP  alone  has  also  been  demonstrated  by  the  microinjection  assay. 
Coinjection  of  expression  vector  for  p/CIP  fragment  between  amino  acids 
547  and  1084  inhibited  RA-dependent  transcription.  In  contrast,  injec¬ 
tion  of  expression  vector  for  p/CEP  fragment  947  to  1084  inhibits  inter¬ 
feron  g-stimulated  transcription,  which  could  not  be  restored  by  coin¬ 
jection  of  CBP  (Torchia  et  al.,  1997). 

The  presence  of  multiple  HAT  components  of  the  SRC-<~!RP/p^Qn.J>/ 
CAF^o5Ctivat6f~complexraiBaR  a  question  about  the  reauirementsfor 
specific  HAT  activities  in  transcriptional  activation  bv  steroid/nuclear 


Fig.  17.  Model  of  SRC  coactivator  function  in  different  signaling  pathways.  Several  sig¬ 
nal-transduction  pathways  that  are  mediated  by  specific  transcription  factors  require  a 
functional  SRC/CBP/p300  coactivator  complex,  and  potentially  p/CAF,  with  each  part¬ 
ner  being  required,  but  not  sufficient,  to  mediate  transcriptional  effects.  [Adapted  by  per¬ 
mission  from  Fig.  6  of  Ibrchia,  J.,  et  al.  (1997).  The  transcriptional  co-activator  p/CIP 
binds  CBP  and  mediates  nuclear  receptor  function.  Nature  387, 677-684.] 
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receptors.  This  question  was  also  addressed  by  the  microinjection 
assay.  Frist,  P/CAF  was  shown  essential  for  RAR,  TR,  and  ER-depen- 
dent  transcriptional  activation  flfi  tmcrolnjecnon  of  anti-P/CAF  IeG 
abrogated  all  transactivation  events  (Korzus  et  aF,  1998).  Similarly,  mi- 
croinjection  of  anti-CBP  IgG  also  inhibits  traHSEripliOh  activities  of 
steroid/nuclear  receptors . jsn gp-acii n  g  that  all  thrpie  classes  of  coactiva¬ 
tors  are  required  for  steroid/nuclear  receptor  function.  The  require¬ 
ments  for  specific  acetyltransferase  activities  of  these  coactivators  were 
then  analyzed  by  coinjecting  rescuing  vector  for  either  wild-type  or 
acetylation  defective  mutants.  The  results  show  that  only  the  HAT  ac¬ 
tivity  of  P/CAF,  but  not  CBP  or  SRC-1,  is  required  for  RAR-mediated 
transcriptional  activation  (Korzus  et  al.,  1998).  Consistently,  the  HAT 
domain  of  the  SRC  coactivators  is  not  essential  for  transcriptional  ac¬ 
tivation  by  the  coactivators  (Chen  et  al.,  1997;  Voegel  et  al.,  1998). 
Therefore,  although  the  SRC  coactivators  are  necessary  for  optimal 
transcriptional  activation  by  steroid/nuclear  receptors,  the  role  of  their 
HAT  activity  in  transcriptional  activation  remains  unclear. 

Similar  to  steroid/nuclear  hormones,  transforming  growth  factor  {3 
(TGF-p)  also  regulates  cell  proliferation  and  differentiation.  Binding  of 
TGF-p  to  cell  surface  receptor  induces  phosphorylation  of  SMAD2  and 
SMAD3,  which  are  members  of  the  SMAD  family  proteins.  The  phos- 
phorylated  form  of  SMADs  forms  stable  complexes  with  SMAD4  and 
these  complexes  translocate  into  nucleus  where  they  activate  tran¬ 
scription.  Recently,  TGF-p  has  been  shown  to  act  cooperatively  with  vi¬ 
tamin  D3,  indicating  a  cross-talk  between  these  two  signaling  pathways 
(Yoshizawa  et  al.,  1997;  Takeshita  et  al.,  1998).  The  mechanism  of  syn¬ 
ergism  between  TGF-p  and  vitamin  D3  appears  to  be  mediated  by 
SMAD3,  but  not  SMAD2  (Yanagisawa  et  al.,  1999).  SMAD3  interacts 
directly  with  VDR  in  a  ligand-dependent  manner  in  vivo,  and  this  in¬ 
teraction  is  mediated  through  the  NH2-terminal  Mad  homology  1 
(MH1)  region  of  SMAD3  and  a  middle  region  of  the  ligand-binding  do¬ 
main  of  VDR.  Interestingly,  SMAD3  acts  synergistically  with  SRC-1  to 
enhance  transactivation  of  VDR  (Yanagisawa  et  al.,  1999).  It  appears 
that  interaction  of  VDR  with  SRC-1  is  required  for  the  ligand-depen- 
dent  interaction  with  SMAD3,  since  an  SRC-1  mutant  lacking  nuclear 
receptor  interacting  motifs  inhibits  the  interaction  of  VDR  with 
SMAD3.  Although,  SMAD3  does  not  appear  to  interact  directly  with 
SRC-1  or  TTF2,  certain  SRC-l-stabilized  ligand-dependent  conforma¬ 
tional  changes  in  VDR  may  be  required  for  SMAD3  interaction.  Alter¬ 
natively,  activation  of  SMAD3  by  TGF-p  receptor-mediated  phosphory¬ 
lation  may  be  required  for  interaction  with  SRC  coactivators.  Whether 
the  functional  interaction  of  SMAD3  and  SRCs  on  transactivation  by 
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VDR  plays  a  role  in  other  TGF-p-mediated  signaling  pathways  remains 
to  be  established. 


C.  SRC-1  Function  in  Mice 

The  in  vivo  biological  function  of  the  coactivator  SRC-1  has  been 
assessed  in  mice  by  gene  targeting  ( J.  Xu  et  al.,  1998;  Qi  et  al.,  1999). 
•In  one  study  (J.  Xu  et  al.,  1998),  the  endogenous  SRC-1  gene  was 
targeted  by  a  vector  that  deletes  all  known  SRC-1  functional  domains 
except  the  N-terminal  bHLH-PAS  region.  Although  the  bHLH-PAS 
domain  is  highly  conserved  among  SRC  family  proteins,  it  is  not  es¬ 
sential  for  transcriptional  coactivation  by  BRC-1 .  Tn  the  knockout  mice, 
both  the  heterozygous  and  homozygrnic-miVa  app^r  normal  and  indis¬ 
tinguishable  from  wild-type  mice  Joth  male  and  female  homozygotes 
are  fertile  and  develop  at  a  similarrate  as  the  wild-type  miceTHowev- 
er,  detailed  analysis  of  the  steroid  action  in  target  organs  including 
uterus,  prostate,  and  mammary  gland  revealed  that  SRC-1  function  is 
in  fact  required  for  maximal  rpspnnsp  nf  tbpsa  organs  to  steroids  in  vijiQ 
(Fig.  18). 

First,  the  uterine  response  to  progestnrnrm  apppars  significantly  im¬ 
paired  in  SRC-1  null  mirp.  This  was  measured  in  ovariectomized  mice 
treated  with  a  high  dose  of  progesterone  and  a  low  dose  of  estrogen,  fol¬ 
lowed  by  mechanical  traumatization  (decidual  stimulation)  of  one  uter¬ 
ine  horn.  In  wild-type  mice,  the  uterine  horn  increases  in  size  in  re¬ 
sponse  to  decidual  stimulation.  In  contrast,  the  uterine  response  in 
SRC-1  null  mutant  is  significantly  reduced  (2.5-fold)  (Fig.  18).  Similar¬ 
ly,  estrogen-induced  uterine  growth  in  SRC-1  null  mutants  is  also  sig¬ 
nificantly  reduced.  These  data  suggest  that  SRC-1  is  required  for  max¬ 
imal  uterine  response  to  steroid  hormones  in  vivo.  Uterine  response  to 
mechanical  traumatization  is  a  progesterone  receptor  (PR)-dependent 
process;  therefore,  SRC-1  may  be  required  for  efficient  transcriptional 
activation  by  PR,  consistent  with  its  coactivation  function  in  tissue  cul¬ 
ture  cells  (Onate  et  al.,  1995).  In  .addition  to  progesterone-dependent 
uterine  response,  androgen-dependent  growth  of  prostate  and  testes, 
and  estrogen  and  progesterone-dependent  growth  of  mammary  gland 
are  also  significant!  v  in  hi  hi  red  m  SkC-1  mutant  mice  compared  to  wUcL- 
type  mice.  In  castrated  male  mice  with  regressed  prostates,  testos¬ 
terone-stimulated  prostate  growth  is  significantly  reduced  in  SRC-1 
mutant  mice.  Consistently,  the  size  of  testes  is  also  smaller  in  SRC-1 
null  mutants.  Furthermore,  the  development  of  mammary  ducts  and 
alveoli  in  virginal  and  pregnant  mice,  respectively,  are  both  retarded  in 
SRC-1  null  mutants  (Fig.  18).  The  development  of  mammary  gland  of 
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ovariectomized  mice  in  response  to  estrogen  and  progesterone  treat¬ 
ments  is  also  significantly  affected.  Furthermore,  estradiol,  proges¬ 
terone,  and  testosterone  concentrations  in  female  null  mutants  are  1.2  4  Au:  msp 
and  1.5  times  those  in  wild-type  animals,  respectively,  consistent  with  BS7'< 0K?  or 
the  phenomenon  of  endocrine  feedback  regulation.  Analysis  of  the  ex-  £^ctor?3 
pression  of  other  SRC  coactivators  in  the  SRC-1  null  mutant  mice  re-  0^jy  2 
vealed  an  elevated  level  of  TIF2,  suggesting  that  other  SRC  coactiva-  factors, 
torsjmay  redundantly  or  partially  replace  the  lost  function  oTSRC- 1 . 

The  partial  liuimuual  lespolistTdue  to  impairment  of  coactivator  tunc- 
tion  might  explain  certain  partial-hormone-resistance  syndromes. 

Thr  mminr  SRC  1  gonn  wm  nhn  to.  ppplace  its  central  nu¬ 

clear  receptor  intprfrflPg1,  domain— with  phosphoglvcerate  kinase- 
neomycin  gene  in  another  study  (Qi  et  al.,  1999).  In  this  case,  a  correct 
gene-targeting  event  would  result  in  a  protein  that  lacks  the  three  crit¬ 
ical  LXXLL  motifs  required  for  interaction  with  liganded  receptors. 

Similar  to  the  other  study  ( J.  Xu  et  al.,  1998),  the  homozygous  SRC-l-/~ 
mice  were  viable  and  exhibited  no  apparent  morphologic  abnormalities. 

Both  male  and  female  homozygous  mice  grew  normally  and  were  fer¬ 
tile.  Extensive  analysis  of  the  PPARaB  ligand-mediated  responses  in 
vivo  suggests  that  SRC-1  is  not  required  for  PPARa-mediated  tran¬ 
scriptional  activation.  For  instance,  the  SRC-1  null  mice  response  nor¬ 
mally  to  peroxisome  proliferators,  such  as  ciprofibrate  and  Wy-14,643, 
which  induce  liver  cell  proliferation  and  hepatic  peroxisome  prolifera¬ 
tion.  There  were  also  no  effects  on  the  expression  of  PPARa-regulated, 
fatty  acid-metabolizing  enzymes  in  the  liver.  Because  this  targeting 
event  may  allow  expression  of  a  truncated  SRC-1  mutant,  a  functional 


< - 

Fig.  18.  Uterine  and  mammary  gland  development  in  SRC-1 -/_  mutant  mice.  (A)  Uter¬ 
ine  responses  to  a  decidual  stimulus  were  measured  in  wild-type  (+/+)  or  SRC-1  null  mu¬ 
tant  (— /— )  females.  Eight-week-old  females  were  ovariectomized  on  day  0,  treated  with 
estradiol  (0.1  pg  per  mouse  per  day)  from  day  10  to  day  12,  and  treated  with  progesterone 
(1  mg  per  mouse  per  day)  and  estradiol  (6.7  ng  per  mouse  per  day)  from  day  16  to  day  23. 
Mechanical  deddualization  in  the  left  uterine  horn  was  done  6  h  after  hormone  injection 
on  day  18.  The  whole  uterus  was  dissected  6  h  after  hormone  injection  on  day  23.  (B)  The 
fourth  pair  of  mammary  glands  from  8-week-old  virgins  with  the  indicated  SRC-1  geno¬ 
types  (A  and  B).  The  ducts  and  alveolar  structures  of  the  fourth  pair  of  mammary  glands 
from  mice  pregnant  for  the  first  time  with  the  indicated  genotypes  (C  and  D).  The  mam¬ 
mary  ducts  and  alveolar  structures  of  the  fourth  pair  of  mammary  glands  from  13-week- 
old  females  treated  with  progesterone  and  estradiol.  Eight-week-old  females  were 
ovariectomized  one  day  0  and  then  treated  with  progesterone  (1  pg  per  mouse  per  day) 
and  estradiol  (50  mg  per  mouse  per  day)  from  day  14  to  day  34  (E  and  F).  (Reprinted  with 
permission  from  Xu,  J.,  et  al  (1998).  Partial  hormone  resistance  in  mice  with  disruption 
of  the  steroid  receptor  coactivator-1  (SRC-1)  gene.  Science  279, 1922-1924.  Copyright  © 
1998  American  Association  for  the  Advancement  of  Science.] 
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SRC-1  mutant  might  still  exist  in  the  homozygous  mice.  Nonetheless, 
there  is  no  evidence  for  such  a  truncated  protein  and  SRC-1  may  indeed 
be  nonessential  for  PPARa-mediated  transcriptional  response  in  vivo. 
Alternatively,  loss  of  SRC-1  function  might  be  fully  compensated  for  by 
other  nuclear  receptor  coactivators.  Reciprocal  examination  of  the 
steroid  hormone  responses  and  PPARa  function  is  different  SRC-1  null 
mutant  strains  might  help  to  clarify  the  essentiality  of  SRC-1  in  steroid/ 
nuclear  receptor  function  in  mice.  Apparently,  additional  studies  are 
necessary  to  fully  understand  the  role  of  various  coactivators  by  gener¬ 
ating  mutant  mice  with  defects  in  one  or  more  coactivator  functions. 


VII.  SRC  Coactivators  and  Human  Diseases 

A.  MOZ-TIF2  Fusion  in  Acute  Myeloid  Leukemia 

Recently  TTF2  wag  fnnnrl  in  p  coarch  for  genes  involved,  in 
inv(8)(pllq  13)-associated  acute  myeloid  leukemia  (AMI.)  (Oarapeti  et 
al.,  1998).  This  subtype  ofAME  contains  blast  cells  of  a  monocytoid  phe- 
notype  that  have  pronounced  erythrophagocytic  activity.  This  AML  sub- 
type  is  typically  associated  with  the  t(8;16Xpll;pl3)  translocation,  and 
occasionally  with  the  t(8;22Xpll;ql3),  t(8;19)(pll;ql3),  and 

inv(8)(pll;ql3)  (Mitelman  et  al.,  1997).  The  genes  involved  in  the 
t(8:16)  have  been  identified  as  the  MOZ  gene  at  8p1 1  fused  to  the  coac¬ 
tivator  CBP  gene  at  16pl3  (Borrow  et  al.,  1996).  Although  the  precise 
function  of  the  MOZ  gene  is  unknown,  it  contains  a  PHD/LAP  domain 
involved  in  protein-protein  interaction,  and  a  histone  acetyltrans- 
ferase  homologous  domain.  Because  CBP  is  also  a  histone  acetyltrans- 
ferase,  the  mechanism  of  leukemogenesis  in  patients  with  the  t(8;16) 
may  involve  aberrant  chromatin  remodeling  due  to  abnormal  histone 
acetylation.  Although  HF2  itself  has  not  been  shown  to  have  histone 
acetylation  activity,  other  TIF2-related  SRC  coactivators  possess  his¬ 
tone  acetylation  function,  reinforcing  the  supposition  that  abnormal 
chromatin  acetylation  may  cause  leukemia.  In  the  inv(8Xpllql3) 
translocation,  the  MOZ-TIF2  fusion  retains  the  N-terminal  PHD  finger 
and  HAT  domains  of  MOZ,  along  with  the  C-terminal  CBP-interacting 
domain  and  the  putative  HAT  domain  of  TIF2  (Fig.  19).  The  fusion  does 
not  contain  the  bHLH-EAS  or  the  steroid/nuclear  receptor  interacting 
domains  of  TIF2.  Therefore,  the  HAT  activity  of  TIF2  or  its  associated 
protein  CBP  might  overstimulate  expression  of  genes  normally  regu¬ 
lated  by  MOZ  (Fig.  20).  In  addition  to  CBP  and  TIF2,  other  coactivators 
are  also  found  associated  with  leukemogenesis  or  other  cancer  types. 
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Fig.  19.  Schematic  representation  of  MOZ,  TIF2,  and  MOZ-TIF2  fusion  proteins.  Do¬ 
mains  are  indicated  as  follows:  LAP,  leukemia-associated  protein;  HAT,  histone  acetyl- 
transferase;  M-rich,  methionine-rich;  CID  and  RID,  putative  CBP  and  nuclear  receptor 
interacting  domains  based  on  homology  with  SRC-1.  The  MOZ-TIF2  fusion  retains  the 
LAP  finger  and  HAT  homology  domains  of  MOZ,  along  with  the  CID  and  HAT  domains 
of  TIF2.  [Reproduced  by  permission  from  Fig.  4  of  Carapeti,  M.,  et  al .  (1998).  A  novel  fu¬ 
sion  between  MOZ  and  the  nuclear  receptor  coactivator  TIF2  in  acute  myeloid  leukemia. 
Blood  91,  3127-3133.1 


For  instance,  p300  is  fused  to  the  MLL  gene  in  AML  with  the  t(ll;22) 
(q23;ql3),  ARA70  is  fused  to  RET  in  human  thyroid  papillary  carcino¬ 
ma,  and  TIF1  fused  to  B-RAF  in  the  mouse  hepatoma-derived  oncogene 
T18.  These  observations  suggest  that  transcriptional  coactivators  such 
as  those  for  nuclear  receptors  may  be  widely  involved  in  malignancy. 


B.  AIB1  Gene  Amplification  in  Cancers 

Gene  amplification  is  frequently  associated  with  human  cancers  for 
selective  overexpression  of  a  subset  of  genes  essential  for  supporting  tu¬ 
mor  growth.  In  breast  cancer,  several  chromosomal  regions  are  com¬ 
monly  amplified,  including  regions  in  the  long  arm  of  chromosome  20. 
In  a  search  of  target  genes  amplified  from  chromosome  20q  in  breast 
cancer,  AIB1  was  cloned  by  chromosome  microdissection  and  hybrid  se¬ 
lection,  and  mapped  to  20ql2  (Anzick  et  al.,  1997).  Accordingly,  AIB1 
gene  was  found  highly  amplified  (>20-fold)  in  three  ER-positive  breast 


carcinoma  cell  lines  (BT-474.  MCF-7.  and  ZR75-1)  and  m  one  ovarian 
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carcinoma  cell  line  (BG-1)  (Fig.  21)  (Anzick  et  al.,  1997).  In  contrast, 
both  SRC-1  and  SRC-2  are  ubiquitously  expressed  at  low  levels  in  all 
bi-qast  cancer  lines  analyzed.  AIB1  amplification  also  occurs  in  prima- 
ry  breast  tumors  (9.5%),  although  the  amplification  levels  are  not 
as  high  as  the  cell  lines  (Anzick  et  al.,  1997).  As  expected,  AIB1  gene 
amplification  causes  overexpression  of  AIB1  mRNAand  protein.  Inter¬ 
estingly,  58%  of  the  mammary  tumors  that  show  no  AIB1  gene  ampli¬ 
fication  exhibit  overexpression  of  AIB1,  as  compared  with  normal  mam¬ 
mary  epithelium.  This  suggests  that  overexpression  of  AIB1  in  breast 
cancer  cells  may  occur  through  mechanisms  other  than  gene  amplifi¬ 
cation.  In  a  recent  screening  of  1157  breast  and  122  ovarian  tumors  by 
Southern  blotting,  AIB1  amplification  was  found  in  4.8%  of  breast  can¬ 
cers  and  7.4%  of  ovarian  cancers  (Bautista  et  al.,  1998).  The  degrees  of 
amplification  range  from  2-  to  8-fold  in  breast  tumors  and  2-  to  10-fold 
in  ovarian  tumors.  These  results  indicate  that  the  frequency  and  level 
of  AIB1  amplification  appear  higher  in  ovarian  tumors  than  in  breast 
tumors.  In  breast  tumors,  AIB1  amplification  appears  to  cnrrelate-pos- 
itively  with  either  Ek  or  rK  expression.  In  addition,  AIB1  amplification 
is  more  frequently  observed  in  large  tumors  (>2  cm)  and  seems  to  cor¬ 
relate  with  MDM2  and  FGFR1  amplifications.  In  contrast,  no  correla¬ 
tion  was  found  with  cyclin  Dl,  Erb-B2,  or  Myc  amplifications.  MDM2 
is  the  main  repressor  of  the  tumor  suppressor  p53,  thus  amplification 
of  MDM2  may  result  in  p53  inactivation.  The  FGFR1  is  a  class  IV  ty¬ 
rosine  kinase  receptor  that  is  preferentially  activated  by  FGFs  and  am¬ 
plified  in  10-15%  of  breast  tumors.  The  coamplification  of  AIB1  with 
MDM2  and  FGFR1  suggests  possible  cooperative  pathways  of  onco¬ 
genic  activation  in  breast  cancers.  Interestingly,  although  cyclin  Dl  am¬ 
plification  in  breast  cancer  is  clearly  associated  with  ER  positivity,  cy¬ 
clin  Dl  is  not  coamplified  with  AIB1.  This  observation  suggests  that 
AIB1  and  cyclin  Dl  amplifications  correspond  to  a  distinct  subset  of  ER- 
positive  breast  tumors.  Recently,  cyclin  Dl  has  been  shown  to  interact 

< - 

Fig.  20.  Hypothetical  models  of  the  mode  of  action  of  the  MOZ-TIF2  fusion  protein.  (A) 
TIF2  may  directly  modulate  the  transcriptional  activity  of  genes  normally  regulated  by 
MOZ  through  the  addition  or  removal  of  histone  acetyl  (Ac)  groups  by  its  HAT  domain. 
(B)  The  TTF2  moiety  may  serve  as  a  bridge  between  MOZ  and  CBP,  and  it  is  the  HAT  or 
other  activities  of  CBP  that  leads  to  leukemogenic  alterations  in  gene  expression.  Chro¬ 
matin-associated  CBP  may  be  responsive  to  other  cellular  signals  such  as  those  mediat¬ 
ed  by  Jun,  CREB,  or  STAT  proteins.  (C)  The  MOZ-CBP  fusion  in  the  t(8;16),7,  which  is 
associated  with  a  strikingly  similar  leukemia  cell  phenotype  to  that  seen  in  cases  with 
the  inv(8).  (Reproduced  by  permission  from  Fig.  5  of  Carapeti,  M.,  et  aL  (1998).  A  novel 
fusion  between  MOZ  and  the  nuclear  receptor  coactivator  TIF2  in  acute  myeloid 
leukemia.  Blood  91, 3127-3133.) 


Fig.  21.  Amplification  of  a  SRC  coactivator  in  breast  cancers.  Bicolor  FISH  analysis 
demonstrates  AIB1  gene  amplification  (red  signals)  in  breast  cancer  cell  line  ZR75-1  (A), 
ovarian  cancer  cell  line  BG-1  (B),  and  two  uncultured  breast  cancer  samples  (C).  Intra- 
Au:  map  613;  chromosomal  amplification  of  AIB1  (arrows)  is  apparent  in  metaphase  chromosomes  of 
rewrite  for  ZR75-1  and  BG-1,  and  numerous  copies  of  AIB1  are  resolved  in  the  adjacent  interphase 

B&W  fig.|  nuclei  The  spectrum  orange  (VysisMabeled  AIB1  PI  probe  was  hybridized  with  a  bio- 
thinylated  reference  probe  for  20qll  (RMC20P037)  (A  and  B)  or  a  fluorescein-labeled 
probe  for  20p  (RMC20C039)  (C),  which  appear  green.  [Reprinted  with  permission  from 
Anzick,  S.  L.,  et  dL  (1997).  AIB1,  a  steroid  receptor  coactivator  amplified  in  breast  and 
ovarian  cancer.  Science  277, 965—968.  copyright©  1997  American  Association  for  the  Ad¬ 
vancement  of  Science.] 
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with  both  ER  and  SRC  coactivators  (SRC-1  and  AIB1)  in  a  ligand-in- 
dependent  manner  (Zwijsen  et  al.,  1998).  Because  the  frequency  of  cy- 
clin  D1  amplification  correlates  with  the  levels  of  ER  expression,  it  is 
conceivable  that  synergistic  action  among  ER,  cyclin  Dl,  and  AIB1  may 
be  a  prognosis  indicator  of  breast  tumors. 

In  addition  to  breast  and  ovarian  cancers,  AIB1  gene  amplification 
and  overexpression  have  also  been  observed  in  pancreatic  carcinoma 
(Ghadimi  et  al.,  1999).  The  incidence  of  pancreatic  cancer  is  about  0.01 
percentage  in  USA,  which  contributes  to  about  20  percentage  of  cancer 
deaths,  due  to  poor  prognosis  of  this  disease.  Cytogenetic  studies  re¬ 
vealed  recurring  chromosomal  gains  on  several  locations,  including 
chromosome  20q  where  AIB1  gene  is  located.  Fluorescence  in  situ  hy¬ 
bridization  (FISH)  analysis  found  that  the  AIB1  gene  is  amplified  in  six 
out  of  nine  pancreatic  carcinoma  cell  lines,  which  partially  correlate 
with  overexpression  of  AIB1  mRNA  (Ghadimi  et  al.,  1999).  These  re¬ 
sults  suggest  that  AIB1  gene  amplification  may  occur  frequently  in  hu¬ 
man  tumors  and  that  steroid/nuclear  receptors  may  regulate  growth  of 
cells  that  are  not  primarily  controlled  by  endocrine  stimuli.  Alterna¬ 
tively,  AIB1  may  be  involved  in  signaling  pathways  other  than  steroid/ 
nuclear  receptors,  at  least  in  part,  due  to  its  interaction  with  the  gen¬ 
eral  coactivator  CBP/p300. 


VIII.  Conclusion 

In  conclusion,  a  novel  family  of  transcriptional  coactivators  has  been 
identified  and  shown  to  play  a  crucial  role  in  transcriptional  activation 
by  steroid/nuclear  hormone  receptors  and  possibly  other  classes  of  tran¬ 
scriptional  regulators.  Detailed  biochemical  and  structural  analyses 
have  revealed  the  molecular  basis  of  protein-protein  interaction  be¬ 
tween  SRC  coactivators  and  several  liganded  steroid/nuclear  receptors. 
Additionally,  transcription  coactivation  by  SRCs  has  been  linked  to  hi¬ 
stone  acetylation,  partly  by  association  with  general  transcriptional 
coactivators  CBP/p300  and  P/CAF.  It  is  currently  unknown  whether 
these  three  SRC  coactivators  share  redundant  function  or  they  might 
form  a  protein  complex  to  synergize  transcriptional  activation.  It  is  im¬ 
portant  that  at  least  two  members  of  the  SRC  coactivators  are  directly 
linked  to  human  malignancies,  consistent  with  a  prevailing  involve¬ 
ment  of  steroid/nuclear  receptors  in  human  cancers.  Future  studies  are 
required  for  understanding  the  physiologic  role  of  these  coactivators  in 
hormone  action  and  the  potential  development  of  these  genes  as  drug 
targets  for  treating  human  diseases. 
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